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Abstract
Harmful algal blooms (HABs) are increasing globally in frequency, persistence, and
geographic extent. HABs pose a threat to economic stability, and ecosystem and human health.
To date no incidences of marine toxins produced by phytoplankton have been recorded in
Mozambique, which may be due to the absence of a monitoring program and general awareness
of the potential threat. This study is the first documentation of the occurrence of a neurotoxin,
domoic acid (DA), produced by the diatom genus Pseudo-nitzschia spp. along the east coast of
Africa. The coast of Inhambane Province is a biodiversity hotspot where year-round Rhincodon
typus (whale shark) sightings are among the highest in the world, supporting an emerging
ecotourism industry. Links between primary productivity and biodiversity in this area have not
previously been considered or reported. My research focused on identifying environmental
factors, specifically nutrients, influencing coastal productivity and DA concentrations and
highlights variations within the system across four regions during May-August 2018. During
this time, the coastal phytoplankton community was diatom-dominated, with high abundances of
Pseudo-nitzschia spp. which were influenced by nutrient pulses resulting from wind-driven
upwelling. In late July 2018, primary production was enhanced and corresponded with a peak in
DA located within a biodiversity hotspot for Rhincodon typus (whale shark). Increases in DA
concentration were correlated to phosphorus limitation. Domoic acid was also found to be
present in mesozooplankton samples, providing evidence for trophic transfer of the toxin and the
potential for bioaccumulation within a system, serving as a vector for higher trophic level
organisms. Continued and comprehensive monitoring along southern Mozambique would
provide critical information to develop predictive models to assess ecosystem and human health
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threats and impacts to the local economy from marine toxins under challenges posed by global
change.

ix

Chapter 1. Literature Review
Introduction
Phytoplankton play an essential role in aquatic ecosystems serving as the primary base in
food webs, and enhancing biogeochemical processes through recycling. Globally, marine
phytoplankton contribute less than 1% of photosynthetic biomass, yet they account for
approximately 50% of primary production (Field et al. 1998, Simon et al. 2009, Boyce et al.
2010). Phytoplankton production is influenced by multiple factors such as temperature, light
irradiance, nutrient availability, competition, and salinity (Reynolds 2006, Simon et al. 2009,
Sigman & Hain 2012), which vary globally across latitude gradients and aquatic systems. Areas
of high abundance often correlate to highly productive fisheries (Pauly & Christensen 1995,
Chassot et al. 2010). However, some phytoplankton can reach levels in which they can cause
harm to the ecosystem or human health, known as harmful algal blooms (HABs) or species
(HA). Among HA species, some are known to produce toxins, which can accumulate in the
aquatic food web (Anderson 2002, Davidson et al. 2014, Berdalet et al. 2015, Willis et al. 2018).
Harmful Algal Blooms
Harmful algal blooms (HABs) are a natural phenomenon, but are increasing globally in
frequency, persistence, and geographic extent, likely due to anthropogenic and climatic
influences (Smayda 1990, Van Dolah 2000, Graneli & Turner 2006, Heisler et al. 2008, Paerl &
Paul 2012, Davidson et al. 2014, McKibben et al. 2015, Wells et al. 2015, Hallegraeff 2019).
Increases in HAB events coincide with global climate change and coastal eutrophication from
human development along coastlines and waterways (Van Dolah 2000, Anderson et al. 2008).
Marine HABs are most noted to cause direct harm through the production of potent and
persistent toxins that can lead to human illnesses or mortality. They also may indirectly harm
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coastal societies through economic impairment resulting from increased costs associated with
bloom management and decreased revenue during fisheries closures (Anderson et al. 2000,
Berdalet et al. 2015, Grattan et al. 2016, Willis et al. 2018). For example, studies in Florida
revealed economic losses between $868 to $3734 in daily sales (13.7% - 15.3% of average daily
sales) among coastal communities during a bloom of toxic Karenia brevis (Morgan et al. 2009).
In developing countries, shellfish closures due to accumulation of toxins from a HAB event
could result in an entire community without a source of revenue or food (Sidharta 2005). These
consequences to ecosystem services can have major effects on human well-being (Berdalet et al.
2015). Understanding coastal dynamics influencing HABs is important for economic security
and protection of human health.
Humans are exposed to HAB-related toxins through ingestion of contaminated seafood
products, skin contact through contaminated water, or through the inhalation of aerosolized
toxins (Anderson 2002, Graneli & Turner 2006, Landsberg et al. 2009, Berdalet et al. 2015).
Historically referred to as “red tides,” HABs have been documented as far back as early 1800’s,
where many native American tribes currently avoid contamination by not harvesting shellfish
during times of the year when blooms are likely to occur (Anderson 2002, McKibben et al.
2015). As blooms have increased in frequency and severity, global monitoring efforts have
increased to test for toxins among harvested shellfish and fish (Trainer et al. 2003, Bauer 2006,
McKibben et al. 2015, Grattan et al. 2016).
Toxic blooms can have deleterious economic effects through contamination and mortalities
of wild or farmed seafood and decreases in tourism revenue (Bauer 2006, Berdalet et al. 2015).
The US averages $1912 per kilometer of coastline per year in commercial fisheries and
aquaculture revenue losses due to HABs (Hoagland & Scatasta 2006). In 2015, a HAB event
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spanning the entire west coast of the United States drastically impacted the Dungeness crab and
razor clam fisheries and resulted in over $120 million in revenue losses (Ritzman et al. 2018).
The EU averages $9743/km per year in recreation and tourism losses due to HAB events, while
the US reports a loss of $225/km per year (Hoagland & Scatasta 2006). The difference is likely
an indicator of a higher level of tourist-related income. However with HABs increasing in
frequency and persistence (Wells et al. 2015) and systems experiencing emerging HABs, these
economic impacts will continue to increase (Anderson et al. 2000). One of the well-documented
and cosmopolitan harmful algal species is Pseudo-nitzschia, which produces extensive blooms
around the globe, most notably along the west coast of North America.
Role of Nutrients on Phytoplankton Dynamics
Phytoplankton blooms have been linked to increases in nutrient availability and coastal
eutrophication (Anderson et al. 2002, Anderson et al. 2008, Heisler et al. 2008, Davidson et al.
2014). Eutrophication refers to the input of nutrients, either from anthropogenic runoff into
coastal systems or physical processes such as coastal upwelling. Changes in nutrient
stoichiometry, particularly nitrogen (N) and phosphorous (P), impact phytoplankton community
composition and potentially promote the growth of harmful species (Anderson 2002, Glibert et
al. 2005, Heisler et al. 2008). For example, increases in agricultural runoff from the Maumee
River watershed have been linked to increases in harmful cyanobacteria blooms in the western
basin of Lake Erie (Michalak et al. 2013). Increased nutrient use and runoff in the MississippiMissouri River watershed, which stretches from the Montana-Idaho border to northern Gulf of
Mexico off the coast of Louisiana, have been linked to hypoxia in the northern Gulf of Mexico
and an increase in PN blooms (Turner & Rabalais 1991, Parsons et al. 2002). Areas of upwelling
can also bring in nutrients and promote the growth of harmful species. Pitcher and Nelson (2006)
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indicated that nutrients from upwelling in the Benguela system in the south Atlantic Ocean
promoted the dominance of toxic dinoflagellate Gymnodinium spp. Similarly, the Pacific
Northwest and California experience seasonal toxic blooms of PN when nutrient-rich waters are
upwelled along the coast (Trainer et al. 2000, McKibben et al. 2015, McCabe et al. 2016, Smith
et al. 2018). Globally, degraded water quality has left phytoplankton communities more
vulnerable, providing an opportunity for HA species dominance (Heisler et al. 2008).
Nutrients play a large role in plankton dynamics as phytoplankton species have distinct
nutrient requirements that lead to growth, limitation, and intra- and inter-specific competition.
Limiting macronutrients for phytoplankton growth include nitrogen, phosphorus, silica, and iron
(Tilman et al. 1982, Harris 1986, Reynolds 2006, Litchman & Klausmeier 2008). Within
freshwater systems, P is noted as biologically unavailable causing limitation, however, in coastal
marine systems, N is typically suggested as the limiting nutrient (Howarth 1988, Kilham &
Hecky 1988, Anderson 2002). Historically, a single nutrient was suggested as regulating the
phytoplankton assemblage within systems. Based on the Liebig’s Law of the Minimum theory
maximum productivity is proportional to the concentration of the limiting nutrient (Hutchinson
1961), providing regulatory authorities a single environmental parameter to govern in an effort to
decrease algal growth. However, the ratio of key macronutrients has been shown to be important
regulators of growth, particularly when we consider individual species requirements (Hodgkiss
& Ho 1997, Danger et al. 2008). The stoichiometric relationship of nutrients within a system is
often referred to as the Redfield ratio (106C:16N:1P) (Redfield 1958) and has been used to
determine nutrient limitation. Individual phytoplankton species require specific and individual
amounts of macronutrients for growth, revealing preferred stoichiometric ratios. For example,
diatoms favor environmental conditions where the N:P ratio is high and silica is abundant
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compared to dinoflagellates who dominate in low N:P systems (Hodgkiss & Ho 1997, Hu et al.
2008). Competition for available nutrients will lead to shifts in species dominance and
abundance, typically favoring the species that can utilize the available nutrients most efficiently
for their growth (Reynolds 2006, Humphries 2009).
Increased anthropogenic nutrients and shifts in nutrient stoichiometry from human population
growth and agriculture development stimulate phytoplankton growth leading to higher
productivity, these events are termed a “bloom” (Anderson et al. 2008, van der Molen et al.
2016). As the human population continues to grow, estimated to reach 10 billion people by 2050,
there will be an increased demand for agriculture and aquaculture production (FAO 2018a, b),
and increasing the non-point source pollution which often enhance phytoplankton blooms
(Carpenter et al. 1998). For example, increased nitrate loading from agricultural derived nonpoint source runoff from the Mississippi watershed has led to an increase in relative abundance
of PN spp. in the sediment record along the northern Gulf of Mexico (Turner & Rabalais 1991).
Trainer et al. (2003) found that since the beginning of monitoring efforts in the Pacific
Northwest, increasing populations in counties surrounding Puget Sound are highly correlated (r2
= 0.987) with an increase in HAB-related events, suggesting that activities associated with
human population growth, such as land clearing, logging, direct sewage outfalls, and non-point
source agriculture and aquaculture runoff (Howarth 2001) influence HAB development.
Domoic Acid
Domoic acid (DA) is a potent neurotoxin produced by several species of Pseudo-nitzschia
(PN), leading to both acute and chronic toxicity in mammals, fish and birds (Work et al. 1993,
Lefebvre et al. 2002, Bargu et al. 2010, Fire et al. 2010, Zabaglo 2016, D'Agostino et al. 2017).
DA is a water soluble, polar, non-protein excitatory amino acid with a similar structure to
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glutamic acid and kainic acid, which binds to glutamate receptors causing overstimulation in the
central nervous system in vertebrates (Berman & Murray 1997, Hampson & Manalo 1998,
Lefebvre & Robertson 2010). Glutamate is the principle excitatory neurotransmitter within the
brain and is a critical component for all synaptic transmission, however excessive glutamate is
attributed to neurodegeneration and seizures (Lefebvre & Robertson 2010). Overactivation of
glutamate receptors can lead to neuronal injury or cell death. Having a similar but more rigid
structure, DA has a similar effect on these receptors but has a higher binding affinity and
efficacy than glutamate, therefore permanently binding to the receptor (Hampson & Manalo
1998, Lefebvre & Robertson 2010, Hiolski et al. 2014). Human exposure through consumption
of the toxin can induce gastrointestinal distress, confusion, disorientation, seizures, short-term
memory loss, and, in high concentrations, death (Bates et al. 1989, Jeffery et al. 2004, Lefebvre
& Robertson 2010, Saeed et al. 2017). This condition is known as Amnesic Shellfish Poisoning
(ASP). In 1987, DA was found to be the cause of 4 deaths and over 100 acute illnesses
following the consumption of contaminated mussels (Mytilus edulis) from Prince Edward Island
in eastern Canada (Bates et al. 1989, Wright et al. 1989). The event led to the establishment of a
regulatory monitoring program for algal toxins. No human fatalities have been reported since the
implementation of monitoring programs, however, DA still causes harm to local economies and
the environment through the accumulation of toxin within the food web during blooms
(Goldstein et al. 2008, Trainer et al. 2012, D'Agostino et al. 2017, Saeed et al. 2017, Bates et al.
2018).
The presence of DA in the ecosystem can impact the whole food web through
bioaccumulation during PN blooms. Well-established monitoring programs along the Pacific
coast of the United States have furthered our understanding of the impact of PN blooms and DA
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on the ecosystem (Lefebvre et al. 2017). One bloom of PN in 2015 led to the mortality of over
400 California sea lions (Zalophus californianus) all exhibiting signs of neurological dysfunction
(Trainer et al. 2000, Bauer 2006, McKibben et al. 2015). During the bloom, toxin was also
detected in whales, dolphins, porpoises, seals and sea lions ranging from southern California to
northern Washington, and noted globally as the largest geographic extent of DA detection in
marine mammals (McCabe et al. 2016). In addition to marine mammals, DA can also affect birds
and other marine organisms. In 1991, a large mortality of brown pelicans (Pelecanus
occidentalis) and Brant’s cormorants (Phalacrocorax penicillatus) was attributed to the
consumption of anchovies which had bioaccumulated DA (Lefebvre & Robertson 2010,
McKibben et al. 2015). This phenomenon led to the finding that the event along Monterey Bay in
1961 causing “crazed seabirds” which influenced Alfred Hitchcock’s thriller The Birds, actually
correlated to a toxic bloom of Pseudo-nitzschia (Bargu et al. 2011a). The relationship between
DA and the harm it will cause on the environment reflects the complexity of food webs and
differences in degradation products and rates of accumulated toxin in planktivorous fish or
shellfish.
To predict the potential harm caused by a bloom, it is necessary to assess the accumulation of
toxin within vector organisms. It is important to note that a toxic bloom of PN might occur but
not be consumed by predators. For DA accumulation to occur, pelagic and/or benthic organisms
must feed on toxic PN cells (Bargu et al. 2002, Lefebvre et al. 2002, Bargu et al. 2003, Kvitek et
al. 2008, Bargu et al. 2010, Blanco et al. 2010, Del Rio et al. 2010, Harethardottir et al. 2015,
Baustian et al. 2018). For example, when given the choice, oysters will selectively feed on nontoxic PN cells (Thessen et al. 2010), avoiding accumulation. The retention of toxin is an
important factor in determining the effect on the ecosystem, as depuration rates vary depending
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on the organism. Razor clams can retain DA for over a year after a bloom (Schultz et al. 2008),
while anchovies (Engraulis mordax) are able to depurate DA within a week (Lefebvre et al.
2002). Many studies have quantified the trophic transfer of DA to zooplankton (Lincoln et al.
2001, Bargu et al. 2002, Del Rio et al. 2010, Leandro et al. 2010, Tammilehto et al. 2012,
Veschasit et al. 2017, Bates et al. 2018) which have been found to retain up to 50% of consumed
DA within tissues (Bates et al. 2018). In addition to zooplankton, toxins are also commonly
measured in shellfish, echinoderms, large crustaceans, and fishes (Trainer et al. 2012). The
relationship between trophic transfer and toxins remains complex, and is often studied alongside
biological and environmental factors affecting toxin production.
Factors triggering toxin production are complicated and have been widely studied, yet not
fully elucidated (Pan et al. 1998, Trainer et al. 2002, Wells et al. 2005, Trainer et al. 2012,
Zabaglo 2016, McKibben et al. 2017, Bates et al. 2018, Smith et al. 2018). Toxin production by
PN is not always correlated to cell concentration and can vary among strains, environmental
conditions, and biological conditions (Graneli & Turner 2006, Thessen et al. 2009, Trainer et al.
2012). Many theories regarding DA production emphasize physiological stress (Pan et al. 1998).
Domoic acid often exhibits seasonal dynamics (Trainer et al. 2002, Trainer et al. 2012, Smith et
al. 2018), corresponding to physiochemical changes such as temperature and irradiance
(reviewed by Lelong et al. (2012)) and shifts in nutrient availability. The ratio of nitrogen to
phosphorus has been found to play an important role in the production of DA (Pan et al. 1998,
Hu et al. 2008). Nitrogen is important for synthesis of nitrogenous based toxin and phosphorous
is known to limit the growth of PN cells (Pan et al. 1998, Hu et al. 2008). Recent studies have
also added copepod grazing pressure as a factor in DA production (Olson et al. 2008, Smayda
2008, Bates et al. 2018). Factors that promote DA production are extensively studied with little
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consensus, suggesting a complex relationship between environmental and biological conditions
controlling PN toxicity.
Study Site: Mozambique

Figure 1.1. Political map of Mozambique
Mozambique is located in southeast Africa sharing boarders with South Africa and Eswatini
in the south, Zimbabwe and Zambia, in the west, and Tanzania and Malawi in the north (Figure
1.1). Within sub-Saharan Africa, Mozambique has one of the most extensive coastlines
stretching 2,700 km along the Indian Ocean. The country has experienced significant political
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and economic changes since the ending of their civil war in 1992. The population has more than
doubled from 14.07 million people in 1992 to 29.67 million in 2017 (World Bank 2018).
Agriculture has also increased by over 50% in the last two decades (Menezes et al. 2011a, Porter
et al. 2017). It is considered a least developed country (LDC) by the United Nations,
Mozambique remains one of the world’s poorest countries with over 70% of the coastal
population living below the poverty line (Menezes et al. 2011a) and 26.6% of the population
considered undernourished (FAO 2017, World Bank 2018b). Most of the population (65%) live
along the coast for food security where many coastal communities derive their food and income
from farming and fishing practices. Following the end of the civil war, gross domestic product
(GDP) in agriculture rose at a rate of 8% annually until 2010, when the rate slowed to an annual
increase of 3.9% (FAO 2018a). Aquaculture has developed at a slower pace, with only an annual
increase of 1% due to financing constraints and challenges, such as infrastructure, availability of
seed source, and economic incentives (FAO 2005), supporting increased fishing pressure on
wild caught populations. This is reflected in employment opportunities, as 71% (86% in rural
communities) of jobs in Mozambique are in agriculture, while only 10% in fisheries (World
Bank 2018a). Recently outside countries (Iceland and Norway) have invested in increasing both
wild caught and aquaculture fisheries production, in an effort to support food and economic
security (FAO 2005).
Physical Ocean Dynamics
The physical mesoscale ocean dynamics off Mozambique provide insights to its unique
coastal processes. In the Indian Ocean, the South Equatorial Current flows west and diverges
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around Madagascar with one current flowing around the north end of the island and another
flowing south (Figure 1.2), forming the East Madagascar Current (Quartly & Srokosz 2004, Raj
et al. 2010). Water flowing south within the Mozambique Channel is dominated by southward
propagating anti-cyclonic eddies along the narrow shelf with a steep slope (Swart et al. 2010).
Westward-moving cyclonic eddies are a common feature along southern Madagascar during
austral winter and can vary in duration from a week to months (Lamont et al. 2014, Barlow et al.
2017), forming between 4-7 eddies per year (Schouten et al. 2003). The southern end of the
channel and East Madagascar Current merge between Maputo and Durban, forming the Agulhas
Current, the strongest western boundary systems (WBS) in the world (Lutjeharms 2006), moving
at a rate of -69.7 ±21.5 Sv (Beal & Bryden 1997, Bryden et al. 2005), compared to the Gulf
Stream at 31 Sv (Lund et al. 2006). The interactions of mesoscale physical dynamics along the

Figure 1.2. Surface circulation around the Mozambique Channel
and the greater Agulhas Current system (from Lutjeharms 2006).
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Mozambican coast cause upwelling of cooler, nutrient-rich water, resulting in elevated
phytoplankton biomass (Lamont et al. 2014).
On a smaller, localized scale, coastal upwelling along Southern Mozambique will occur
when northerly winds are prevalent (Jury 1981, Schumann et al. 1982). Note, along the eastern
coastal boundaries within the Southern Hemisphere northerly winds result in longshore wind
stress, transporting surface waters offshore, i.e. coastal surface water is moved offshore to the
east and replaced by upwelled deeper water. Indicated by the difference in temperature of these
water masses, coastal upwelling can be studied using thermal infrared satellite data (Schumann et
al. 1982, Walker 1986, Lutjeharms & Stockton 1991, Varela et al. 2018). Studied extensively in
South Africa, this coastal band can be tens of kilometers wide, demarcated by the thermocline
with colder water on the landward side as the thermocline is pulled to the surface (Schumann et
al. 1982). Southern Mozambique subsurface topography plays an important role in the
prevalence of upwelling (Lutjeharms & Stockton 1991) as a steep continental slope serves as a
pathway for deeper cold water to move up onto the narrow shelf.
Upwelling caused by wind stress and cyclonic eddies replenish nutrients in oligotrophic
waters and promote primary production along the southeastern coast of Africa (Lamont et al.
2010, Barlow et al. 2014). While general phytoplankton biomass throughout the channel is low,
anticyclonic eddies (warm core) are common within the western side of the Mozambique
Channel and found to decrease phytoplankton biomass, whereas mesoscale processes including
cyclonic eddies found throughout the channel and coastal wind-driven upwelling are sources of
seasonal increases in phytoplankton biomass (Raj et al. 2010, Barlow et al. 2014, Lamont et al.
2014). The nutrient pulses provided by these frontal systems are essential to support the diverse
trophic webs within the region (Tew Kai & Marsac 2010, Ternon et al. 2014).
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Plankton Dynamics
Coastal phytoplankton dynamics along the majority of Mozambique’s coastline are under
studied, but the plankton community contributing to the highly productive Delagoa Bight in
Maputo Bay and Sofala Bank have been broadly considered (Sá et al. 2013). The majority of
coastal waters off Mozambique are oligotrophic (Lutjeharms 2006), having low nitrogen
concentrations (Sá et al. 2013). However, Delagoa Bight is characterized by a shallow shelf and
cyclonic eddies which replenish nutrients throughout most of the year (Barlow et al. 2007). In
contrast, the Sofala Bank receives nutrient input from the Zambezi River. The area is an
important fishery ground and primarily dominated by highly edible diatoms (70-90%), including
Chaetoceros spp., Pseudo-nitzschia spp., Proboscia alata, Cerataulina pelagica and
Thalassionema nitzschioides and a small abundance of dinoflagellates (Sá et al. 2013). Potential
energy transfer from the basal trophic level is defined by phytoplankton type and size. Larger
phytoplankton, such as diatoms, have higher concentrations of particulate organic carbon (POC)
and provide more energy to primary consumers (Fry & Wainright 1991). Northern Mozambique,
between 10 – 17°S, is characterized by warm, oligotrophic waters, low phytoplankton biomass,
and dominated by nanoplankton (2-20 µm). Based on nutrient kinetics, smaller phytoplankton
are better competitors in nutrient-depleted waters due to their high surface area to volume ratio
(Bonachela et al. 2011). Waters further south are colder and nutrient-rich, allowing for
microphytoplankon (20-200 µm) to dominate (Tew-Kai & Marsac 2009, Tew Kai & Marsac
2010, Ternon et al. 2014).
Praia do Tofo Biodiversity Hotspot
Among Mozambique’s three coastal regions, Inhambane Province and the parabolic dune
coast is known as a biodiversity hotspot. Aerial surveys along the coast have identified roughly
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200km along Inhambane Province as having a relatively high density of whale sharks, with a
pronounced hotspot adjacent to Praia do Tofo (Rohner et al. 2018). Rhincodon typus (whale
shark) are important to the economy of southern Mozambique as an internationally recognized
hot-spot for encounters (Pierce et al. 2010) and are the focus of Mozambican government’s effort
in the developing tourism sector (World Bank 2006, Tibiriçá et al. 2011). In addition to R. typus,
Praia do Tofo is also frequently visited by planktivorous reef manta rays (Manta alfredi) and
giant manta rays (M. birostris) (Rohner et al. 2013b). Venables et al. (2016) estimated an annual
contribution of $34 million USD to the province’s economy from manta tourism. Coastal
Inhambane Province is also a hotspot for migrating humpback whales, bottlenose dolphins,
humpback dolphins, dugongs, sea turtles, small-eye stingray, guitar sharks, corals, and many reef
fishes (Pierce et al. 2008, Pereira et al. 2014, Williams et al. 2017, Fordyce 2018), however the
primary driver of tourism in the area is the large planktivores, particularly R. typus (Tibiriçá et al.
2011).
Whale sharks are known to exhibit site fidelity (Cagua et al. 2015) and have been repeatedly
sighted along Inhambane Province through photo-ID techniques (Rohner et al. 2018). Sightings
of R. typus, which consist primarily of juvenile males (Rohner et al. 2018), have decreased by
79% between 2005 and 2011 in Praia do Tofo (Rohner et al. 2013b). Increased mortality of
marine megafauna from fisheries activities has increased globally (Capietto et al. 2014), and
bycatch in purse seine and gillnet fisheries has been documented to cause mortality to R. typus in
the Indian Ocean (Speed et al. 2008). Bycatch could be a significant source of mortality
associated with the decline, however, bottom-up interactions with food availability could also be
an unstudied factor in the decline of R. typus.
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These planktivores are considered opportunistic filter feeders and habitat choice is highly
dependent on localized productivity (Colman 1997, Stevens 2007, Couturier et al. 2012).
Aggregations of large planktivores occur in sub-tropical and tropical regions worldwide and are
driven by foraging opportunities connected to periodic or seasonal productivity (Hoffmayer et al.
2007, Stevens 2007, Rowat et al. 2009a, Rohner et al. 2013b, Rohner et al. 2015). Whale sharks
and manta rays are often seen feeding at the surface on small, planktonic organisms such as
phytoplankton, copepods, krill, small fishes, and fish and coral larvae (Stevens 2007, Couturier
et al. 2012). Colman (1997) suggests the majority of energy consumption consists of nutrientrich zooplankton whereas algal matter is swallowed accidentally. Using fatty acid analysis,
whale sharks and manta rays off the coast of Mozambique have been found to primarily feed on
mysids, shrimp (sergestids), copepods, and myctophid fishes (lantern fish) (Couturier et al. 2013,
Rohner et al. 2013a), suggesting that not only do these creatures feed at the surface, but also in
bathypelagic waters. The high content of mysids suggests that these planktivores extensively
feed at night, when these zooplankton vertically migrate and tend to be in surface waters.
Changes in sightings of these planktivores are suggested to be linked to changes in primary
production. The high density of planktivorous megafauna that aggregate and feed along the coast
of Praia do Tofo are an indicator of the coastal productivity. To date, no studies have assessed
the plankton community in this area, which can be an indication of overall ecosystem health and
provide insight to the future stability of sightings in which the local community relies on for a
source of tourism.
HAB-related events within Africa
The effect of HABs within the Southwestern Indian Ocean (SWIO) are severely understudied
due to a lack of monitoring infrastructure. To date, there are no reported HAB-related events in
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Mozambique (Tamele et al. 2019), despite the presence of HAB species and documented
accounts of marine toxins within the surrounding region. Okadaic acid and ciguatoxin are
common toxins produced by dinoflagellates and have been recorded along the east coast of
Madagascar and nearby islands (Boisier et al. 1995, Bouaïcha et al. 2001, Tamele et al. 2019).
The occurrence of toxic freshwater cyanobacteria blooms have raised concerns in Kenya and
Tanzania (Lugomela et al. 2006, Hamisi & Mamboya 2014). South Africa has the most
developed HAB monitoring program within the SWIO. Multiple derivatives of okadaic acid and
yessotoxins have been reported within mussels along the western coast of the country, within the
Benguela Current. However no marine toxins have been cited as the cause of shellfish closures
along the eastern coast (DAFF 2016). One potential emerging HAB species in South Africa is
PN, which has been reported with DA in areas where shellfish are harvested, however, measured
concentrations have not resulted in shellfish closures (Pitcher et al. 2014).
Pseudo-nitzschia
Among the diatom assemblage of coastal Mozambique is Pseudo-nitzschia (PN), a known
producer of domoic acid (DA) (Sá et al. 2013), however species have not been identified.
Pseudo-nitzschia spp. exhibit species-specific dynamics with regards to toxin production and
responses to available nutrients (Trainer et al. 2012, Thorel et al. 2017). Three generalized
groups have been suggested based on morphological characteristics: P. pungens/P. multiseries
group, P. australis/P. seriata group, and P. delicastissima group (Trainer et al. 2008, Lelong et
al. 2012). A study by Lugomela (2013) identified three species of Pseudo-nitzschia along the
coast of Tanzania, including P. pungens, P. cuspidate, and P. seriata. Pseudo-nitzschia pungens
is considered to have a cosmopolitan distribution with over 137 described strains (Casteleyn et
al. 2008) and was responsible for the first reported DA poisoning in eastern Prince Edward
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Island (Bates et al. 1989). P. pungens has since been identified in all major oceans except for
Antarctica (Bates et al. 2018). Most of these strains produce toxin, leading the species to be the
most commonly reported and potentially toxic representatives of the genus (Hasle 2002). Both P.
cuspidate and P. seriata have also been documented to produce toxin in the Pacific Northwest,
Scotland and the Arctic (Fehling et al. 2004, Trainer et al. 2009, Tammilehto et al. 2015). In
addition, P. multiseries has been identified to be responsible for DA accumulation in mussels
within Algoa Bay, South Africa (Pitcher et al. 2014). While a specific species has not been
identified within Mozambique, due to the proximity and physical dynamics along the east coast
of Africa, it is likely these species are present along the coast of Mozambique.

Figure 1.3 Particulate domoic acid detected within waters of coastal Inhambane
Province known for high sightings of Rhincodon typus (whale shark) between January
2017 - May 2018. (Errera, unpublished data)

17

Recently, particulate DA has been documented along the coast of Inhambane Province
(Figure 1.3) and patterns indicate possible seasonal influences in production at the beginning of
austral winter (Errera, personal communication). This is the first documentation of DA
production within the Southwestern Indian Ocean and while concentrations are low, could have
broader impacts to ecosystem health through bioaccumulation and magnification within the food
web.
Proposed Research
My overarching goal is to enhance understanding of coastal plankton dynamics along the
Inhambane Peninsula and explore the influence of inorganic nutrients on plankton community
shifts. Influence of environmental factors (e.g. inorganic nutrients, salinity, and temperature)
along the coast of Inhambane Peninsula will likely have a direct impact on the phytoplankton
composition within the coastal region, as seen in the developing country of Tanzania, where
development of the coastal community has led to increased anthropogenic nutrients promoting
growth of PN spp. (Lugomela 2013, Hamisi & Mamboya 2014). Systems around the world are
currently changing due to multiple and compounding anthropogenic pressures; there is a pressing
need to study systems that have experienced minor anthropogenic influences to establish a
baseline understanding of the ecosystem and provide essential information on how global

changes may be impacting coastal systems.
Globally, biotoxin production by PN is increasing in geographic extent and intensity with
changes to coastal environments (Sekula-Wood et al. 2011, Trainer et al. 2012, Trainer et al.
2019), and western boundary upwelling systems are no exception (Trainer et al. 2008). The
recent emergence of DA contamination of shellfish fisheries has been noted in the Southern
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Hemisphere along Argentina (Almandoz et al. 2007, D'Agostino et al. 2017), Uruguay (Méndez
et al. 2012), Brazil (Fernandes & Brandini 2010), New Zealand (Rhodes et al. 2013), as well as
South Africa (Pitcher et al. 2014). Currently, there are limited studies related to phytoplankton
dynamics in coastal areas of Mozambique with the majority of these studies focused primarily on
the oceanic waters within the Mozambique Channel (Raj et al. 2010, Sá et al. 2013, Barlow et al.
2014, Barlow et al. 2017, Olofsson et al. 2017). In addition, very few of these studies have
quantified inorganic nutrients shifts within the coastal system of Mozambique (Olofsson et al.
2017). Given the importance of the planktivores in the area and the community dependence
connected to the productivity of the system, this research could provide essential data to support
economic growth within the region. Furthermore, the focus of this research will serve as a
baseline to identify key shifts in coastal Inhambane Providence but also provide insight on a
potential toxic phytoplankton blooms within the region which could lead to ecosystem and
human health effects. Specifically, my research focused on two main objectives:
Objective 1: To identify the plankton community composition and influencing environmental
factors (temperature, salinity, and nutrients) of coastal Inhambane Province.
Plankton samples were collected at four regions along the coast of Inhambane Peninsula and
analyzed for pigments, particulate organic matter, and phyto/zooplankton identification for
community composition. Environmental parameters including temperature, salinity, dissolved
oxygen, and inorganic nutrients, were collected to establish environmental conditions that
regulate productivity.
The following hypotheses were tested:
H1: Sea surface temperature along Inhambane Province will decrease throughout study
time period (austral winter).

19

H0-1: Sea surface temperature along Inhambane Province will remain steady during
austral winter.
H2: Phytoplankton biomass will increase with coastal upwelling.
H0-2: Phytoplankton biomass will not increase with coastal upwelling.
H3: The coastal phytoplankton assemblage will be primarily diatom-dominated.
H0-3: The coastal phytoplankton assemblage will be dominated by a phytoplankton group
other than diatoms.
H4: Regions along the coast of Inhambane Peninsula will exhibit independent
characteristics in phytoplankton composition, zooplankton diversity, plankton
biomass and nutrients.
H4a: North reefs will exhibit less plankton diversity and biomass than other
regions.
H4b: Whale shark hotspot (sandy bottom area) will exhibit more plankton
diversity and biomass than reef regions.
H0-4: Regions along the coast of Inhambane Peninsula will be part of a well-mixed system
and exhibit similar characteristics in phytoplankton composition, zooplankton
diversity, plankton biomass and nutrients.
Objective 2: Identify the environmental drivers and primary influences of domoic acid
production by Pseudo-nitzschia spp. during austral winter.
Plankton samples, were size fractionated into phytoplankton and zooplankton fractions, and
collected at four regions along the coast of Inhambane Penninsula and analyzed for particulate
domoic acid (pDA) concentration and PN spp. abundance. Environmental parameters such as
temperature, salinity, dissolved oxygen, and inorganic nutrients were also collected to establish
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the environmental conditions which influenced toxin production. The following hypotheses
were tested:
H1: pDA concentration will increase with coastal upwelling.
H0-1: pDA concentration will not increase with coastal upwelling.
H2: All regions along the coast of Inhambane Peninsula will have the same
concentrations of pDA during the study period.
H0-2 All regions along the coast of Inhambane Peninsula will not have the same
concentrations of pDA during the study period.
H3: The whale shark hotspot region will have the highest concentration of pDA.
H0-3: The whale shark hotspot region will not have the highest concentration of pDA.
H4: pDA concentration will positively correlate with PN abundance.
H0-4: pDA concentration will not positively correlate with PN abundance.
H5: pDA concentration is influenced by nutrients.
H5a: pDA concentration increases during nitrogen limitation.
H5b: pDA concentration increases during phosphorous limitation.
H0-5: pDA concentration is not influenced by nutrients.
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Chapter 2. Environmental influences on plankton community composition of
coastal Inhambane Province, Mozambique
Limited studies along southern Mozambique highlight the seasonal influence of mesoscale
cold-core eddies and wind-driven upwelling along the continental slope and shelf, increasing
localized coastal primary productivity. In these bottom-up driven trophic systems, primary
production drives biodiversity by supplying energy at the base of the food web. Inhambane
Province is noted as a biodiversity hotspot for year-round aggregations of large planktivores,
which have experienced a decrease in sightings of up to 79% between 2005 and 2011, raising
concerns for the future economic stability of ecotourism in the region. Here I present the first
assessment of the plankton dynamics and nutrient profiles along the narrow shelf region of
Inhambane Province during austral winter. During the austral winter of 2018, plankton were
sampled at four regions along a north-south gradient to characterize phytoplankton assemblages,
including biomass and community proportion. Satellite imagery of SST and chlorophyll a
combined with coastal measurements of wind and sea surface temperature were used to
investigate the impact of coastal upwelling. Decreases in subsurface and bottom temperature
between July 14-19, 2018 followed by upwelling-favorable winds corresponded with increased
primary productivity (chlorophyll a and particulate organic matter). Satellite imagery suggested
the coastal zone and adjacent shelf was also impacted by a cyclonic eddy during this time.
Following this upwelling event, Pseudo-nitzschia spp., a potentially toxin-producing diatom,
increased in biomass and community proportion at all regions but made up the highest portion of
the phytoplankton community in the area most frequented by planktivores. This study serves as a
baseline dataset and suggests the need for continued monitoring to create modeled scenarios
affecting the biodiversity of the region.
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Introduction
Phytoplankton are the base of aquatic food webs and play a critical role in biogeochemical
processes. Marine phytoplankton contribute less than 1% of photosynthetic biomass, yet they
account for approximately 50% of global primary production (Field et al. 1998, Simon et al.
2009, Boyce et al. 2010). Higher trophic level productivity is linked to cycles in lower food web
production, at both the phytoplankton-zooplankton scale as well as zooplankton-fish interactions
(Runge 1988, Chassot et al. 2010). This dependence varies spatially due to environmental
conditions, patterns of plankton biomass, and/or species competition (Mackas et al. 1985). Areas
of high primary production, such as coastal upwelling areas and coral reefs, are associated with
highly productive fisheries (Pauly & Christensen 1995, Chassot et al. 2010).
Plankton production is influenced by competition, predation, migration, and environmental
factors such as temperature, salinity, light irradiance, and resource availability (Reynolds 2006,
Simon et al. 2009, Sigman & Hain 2012). Large phytoplankton are better competitors for light
in polar regions where nutrients tend to be high (Cermeño et al. 2005). Within oligotrophic
waters, such as tropical latitudes, the phytoplankton community tends to be dominated by
picoplankton (>3µm) (Buitenhuis et al. 2012), where low surface-to-volume ratio makes them
the best competitor for limited nutrients (Raven 1998). These relationships can provide an
understanding of the plankton community for areas across latitudinal gradients.
Nutrients play a large role in plankton dynamics as phytoplankton species have distinct
nutrient requirements that lead to growth and intra- and inter-specific competition. In systems not
impacted by cultural eutrophication or large freshwater inputs (either from rivers or
groundwater), phytoplankton growth is supported by the recycling of nutrients within the system
or nutrients from deeper waters, i.e. upwelling (Bristow et al. 2017). Key nutrients for
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phytoplankton growth include nitrogen, phosphorus, silica, and iron (Tilman et al. 1982, Harris
1986, Reynolds 2006, Litchman & Klausmeier 2008, Bristow et al. 2017) and can vary between
systems. In coastal marine systems, nitrogen (N) has been suggested to be the primary limiting
nutrient (Howarth 1988, Kilham & Hecky 1988, Anderson 2002). However, this relationship is
complex, often revealing that primary production does not rely on a single nutrient, but the ratio
between key macronutrients (Hodgkiss & Ho 1997, Danger et al. 2008). Individual
phytoplankton species require specific and individual amounts of macronutrients for growth,
revealing preferred stoichiometric ratios. For example, diatoms favor environmental conditions
where the ratio of N:P is high and silica is abundant compared to dinoflagellates which dominate
in low N:P systems (Hodgkiss & Ho 1997, Hu et al. 2008). Competition for available nutrients
leads to shifts in species dominance and abundance, typically favoring the species that can utilize
the available nutrients most efficiently for growth (Reynolds 2006, Humphries 2009).
This stoichiometric view of phytoplankton species composition leads to implications for
grazer-mediated nutrient dynamics (Hessen 1992, Sterner & Schultz 1998). Nutrient enrichment
greatly increases phytoplankton growth and alters phytoplankton community structure (Kenitz et
al. 2013, Bužančić et al. 2016), however, this does not always lead to high zooplankton diversity
(Vanni 1987). While phytoplankton are limited by inorganic macronutrients, zooplankton growth
is a function of nutritional quality. Hessen (1992) observed that copepod grazers can be limited
in growth from low C:N ratio of ingested phytoplankton, a possible side effect of low
phytoplankton diversity. Larger phytoplankton, such as diatoms have a high C:N ratio (Garcia et
al. 2018) and are considered more nutritious when compared to smaller phytoplankton. Coastal
systems dominated by picoplankton are often recognized as having decreased production, for
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example, in the southern Benguela upwelling system, where the picoplankton-dominated
community is presumed to be the cause of low pelagic fish yield (Probyn 1992).
Zooplankton link primary productivity to fisheries abundance (Runge 1988). Runge (1988)
suggests that small copepods and other microzooplankton drive larval fish viability. This idea is
supported by the match/mismatch hypothesis (Cushing 1975, 1990) where seasonal dynamics in
phytoplankton lead to ebbs and flows of zooplankton production. However, oligotrophic waters
are dominated by small plankton with low biomass and driven by nutrient recycling, as seen in
coral reef habitats (Muscatine & Porter 1977, Wyatt et al. 2013). Mesoscale oceanic processes
such as localized wind-driven shelf currents and Ekman-driven upwelling are key sources of
nutrient input in these areas (Hanson et al. 2005, Wyatt et al. 2013, Bristow et al. 2017). With
these processes in mind, zooplankton biomass models have been developed to identify
biodiversity hotspots (De Monte et al. 2013, Putra et al. 2016).
Seasonal variability in plankton productivity has led to dynamic predator-prey models that
highlight predator migration in response to this variability (Huang & Diekmann 2001, Chen &
Zhang 2013). Satellite tagging of planktivorous Rhincodon typus (whale shark) and Manta
birostris (manta ray) have identified movement patterns relative to boundary currents, thermal
fronts, and seasonal upwelling events, where abundant prey is available (Hsu et al. 2007, Graham
et al. 2012). These planktivores are considered opportunistic filter feeders and habitat choice is
highly dependent on localized productivity (Colman 1997, Stevens 2007, Couturier et al. 2012).
Aggregations of large planktivores occur in sub-tropical and tropical regions worldwide and are
driven by foraging opportunities connected to periodic or seasonal productivity (Hoffmayer et al.
2007, Stevens 2007, Rowat et al. 2009a, Rohner et al. 2013b, Rohner et al. 2015). For example,
resident R. typus populations along the Mesoamerican Barrier Reef and within the Gulf of
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Mexico exhibit movement patterns and sightings relating to seasonal spawning of corals and
fishes (Graham & Roberts 2007, Hoffmayer et al. 2007). Oligotrophic systems often support
high diversity of planktivores, such as the Ningaloo Reef along Western Australia where R. typus
and M. birostris are commonly sighted (Preen et al. 1997, Taylor & Pearce 1999, Wilson et al.
2001). Shelf dynamics of the Ningaloo Reef area and sporadic wind-generated countercurrents
lead to localized coastal upwelling (Hanson et al. 2005), prompting increased primary
productivity supporting the large diversity of marine megafauna (Sleeman et al. 2007).
The greatest known concentration of R. typus occurs off the southern coast of Mozambique
and northern coast (KwaZulu-Natal) of South Africa (Gifford et al. 2007a, Gifford et al. 2007b),
where sightings occur year-round. Aerial surveys have identified roughly 200km along
Inhambane Province as having a relatively high density of whale sharks, with a pronounced
hotspot adjacent to Praia do Tofo (Rohner et al. 2018). In addition to R. typus, Praia do Tofo is
frequently visited by planktivorous reef manta rays (Manta alfredi) and giant manta rays (M.
birostris) (Rohner et al. 2013b). Coastal Inhambane Province is also a biodiversity hotspot
supporting migrating humpback whales, bottlenose dolphins, humpback dolphins, dugongs, sea
turtles, small-eye stingray, guitar sharks, corals, and many reef fishes (Pierce et al. 2008, Pereira
et al. 2014, Williams et al. 2017, Fordyce 2018). Sightings of R. typus have decreased by 79%
between the years of 2005 and 2011 in Praia do Tofo (Rohner et al. 2013b). Mortality of marine
megafauna from fishing activities has increased globally (Fowler et al. 2002, Capietto et al.
2014). Bycatch in purse seine and gillnet fisheries has been documented to cause mortality to R.
typus in the Indian Ocean (Speed et al. 2008), which could be a significant source of mortality
associated with the decline. However, bottom-up interactions with food availability could also be
an unstudied factor in the decline of R. typus.
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The purpose of this work is to provide the first comprehensive study on the phytoplankton
community composition and environmental factors driving production within the coastal system.
Currently, there are limited studies considering phytoplankton dynamics in coastal areas of
Mozambique with the majority of studies focused primarily on the oceanic waters within the
Mozambique Channel (Raj et al. 2010, Sá et al. 2013, Barlow et al. 2014, Barlow et al. 2017,
Olofsson et al. 2017). In addition, very few of these studies have quantified inorganic nutrients
shifts within the coastal system of Mozambique (Olofsson et al. 2017). Given the importance of
the planktivores to the area, an understanding of the plankton dynamics is a critical component to
interpreting ecosystem dynamics. Specifically, this research will investigate phytoplankton and
zooplankton productivity and relationships with inorganic nutrients (N, P and Si) at four regions
along the coast of Inhambane Province from field measurements obtained in winter 2018. The
findings will provide the first suite of critical baseline information to identify plankton
assemblage dynamics and serve as an indication of overall ecosystem health.
Methods
Study Site
The study was conducted along the coast of Inhambane Province, Mozambique, stretching
approximately 40 km from Barra Beach (2347’35.00S, 3531’05.00 E) to Praia de Jangamo
(2403’52 S, 3529’33 E) (Figure 2.1). The region is defined by a narrow continental shelf with a
steep slope (Swart et al. 2010), warm waters (21-29C), and intermittent coastal upwelling
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(Lamont et al. 2010), providing for a diverse coral reef complex. The area is a popular
destination for recreational SCUBA, snorkeling, surfing, and fishing.

Figure 2.1. Inhambane Province, Mozambique. Four reef regions were chosen for detailed
study. Coral reef regions are outlined in green and the soft bottom area, termed the whale
shark hotspot (WSH), is outlined in red.
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Four regions for detailed study were selected based on the geophysical and benthic
characteristics: northern reefs, central reefs, central soft bottom, and southern reefs (Figure 2.1).
The northern reefs are dominated by hard plated corals such as Acropora spp. (plate coral),
Porites spp. (porous coral) and Favia spp. (false honeycomb coral). The site is marked by strong
currents typically flowing from the northwest to the southeast and is also the closest location to
Baia de Inhambane and estuary system. Reefs within the north site range between depths of 23
and 31 m. While the site provides habitat for large aggregation of schooling fish, due to the
variable currents the site is not frequented by recreational divers and fisherman.
The central reef sites are sheltered within Praia do Tofo coastal bay. Moderate currents flow
from north to south along the coast allowing for the development of branching hard corals, such
as Tubastrea micranthus (green tree coral), as well as soft corals such as Dendronephthya spp.
(branching soft coral). Depth at reefs ranged between 18 and 30 m. Based on its close proximity
to Praia do Tofo and depth, this location is heavily trafficked by recreational divers and
fisherman
The central soft bottom site ranging from 14m to 18m depth, is located on the leeward side of
Tofino Point, approximately 5km south of Praia do Tofo. The site is an established feeding
location of R. typus, M. birostris, and M. alfredi, and frequently visited by recreational
snorkelers. Hereafter, this region is referred to as a whale shark hotspot (WSH).
The southern reefs are dominated by rocky substrate and soft corals, such as Lobophytum
spp. (leather coral), Sarcophyton spp. (fleshy soft coral), and Dendronephthya spp. (branching
soft coral). The reefs are located approximately 20 km south of Praia do Tofo and at a depth of
18-27m.
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Satellite Imagery and Analysis
Satellite imagery from Landsat 8, MODIS-Aqua, MODIS-Terra, VIIRS-JPSS1, and VIIRSSuomi-NPP were examined over the study period. However, only MODIS-Aqua satellite Level 2
images were used in this study. They were obtained from the NASA Goddard Space Flight
Center (GSFC) Ocean Color data (https://oceancolor.gsfc.nasa.gov). All images within the
sampling period were assessed for cloud contamination. Data were processed using SeaDAS
v7.4 and re-projected with a 1km spatial resolution.
Sampling
The study used ships of opportunity, through Peri-Peri Divers, to conduct environmental and
plankton sampling between May 20, 2018 and August 10, 2018. Each region was sampled once
per week within an 11-week sampling period, however weather and space limited sampling
events (See Appendix Table A – 1 for site-specific sampling date). Nine different sites were
visited within the four categorized regions (Figure 2.1). Samples were collected as the boat
drifted above the reef site. Physiochemical parameters were recorded at GPS waypoint markings
at the beginning of each sample collection. Measurements were recorded using YSI ProDSS
multiparameter water quality meter (model #626870-1, #627150-4); parameters included
temperature, conductivity, and dissolved oxygen (DO). Calibrations for conductivity and DO
were completed prior to each use. Bottom temperature data were recorded using a Suunto D4i
dive computer (accuracy ±2⁰C). The thermistor YSI and dive computer were compared on the
same day and time at well-mixed, shallow sites and found to be comparable (n = 2). Weather
activity, wind direction, percent cloud cover and surface activity (Beaufort scale) were also
recorded (listed in Table A.1 in Appendix). Wind data were gathered from World Meteorological
Organization station #67323 located at the Inhambane Airport (FQIN). Sequential 5L discrete
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samples were collected at a depth of 5m (General Oceanics Model 1010). Approximately 30 ±
5.1 L of water was collected during each sampling event (Table A.1). Samples were gently
poured through consecutive 80µm mesh (i.e. zooplankton fraction) and 36µm mesh (i.e.
phytoplankton fraction). Particulate matter from 80µm and 36µm samples were then collected
and transported back to All Out Africa Marine Research Station (AOA) for processing and
preservation. In addition, 1 L of whole water was collected in an acid-washed container for
inorganic nutrients, dissolved organic carbon (DOC) and total organic carbon (TOC).
Plankton Analysis
Upon return to AOA, the particulate matter fractions were divided into subsamples (Table
A.2) for pigment analysis and particulate organic matter (POM). Phytoplankton community
composition was determined through analysis of signature pigments and verification via
microscopy from the 36µm fraction (hereafter referenced as “phytoplankton”). Duplicate
samples were filtered through glass fiber filters (GF/F) under gentle vacuum. Filters were frozen
and stored for photopigment analysis by high performance liquid chromatography (HPLC)
following the method from Pinckney et al. (1996) at the HPLC Photopigment Analysis Facility
at University of South Carolina. Briefly, filters were sonicated in 3mL of 100% acetone for 30
seconds and extracted in the dark for 20 to 24 hours at -20°C. Extracts were filtered through
0.2µm and 300µL injected into an HPLC system equipped with reverse-phase C18 columns in
series (Rainin Microsorb-MV, 0.46 ×10 cm, 3mm, Vydac 201TP, 0.46 × 25 cm, 5 mm). A
nonlinear binary gradient adapted from Van Heukelem et al. (1994) was used for pigment
separations. Solvent A consisted of 80% methanol and 20% ammonium acetate (0.5M adjusted
to pH 7.2), and solvent B consisted of 80% methanol and 20% acetone. Absorption spectra and
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chromatograms were acquired using a Shimadzu SPD-M10av photodiode array detector, where
pigment peaks were quantified at 440nm.
Photopigment concentrations were examined with CHEMTAX (v.1.95) (Mackey et al. 1996)
to determine the absolute abundance of major phytoplankton groups (µg chl a-1) using the
convergence procedure outlined by Latasa (2007). The initial pigment matrix was derived from
Barlow et al. (2017) and modified using Higgins et al. (2011) (Table A.3). Measured pigments
include chlorophyll a (Chl a), chlorophyll b (Chl b), chlorophyll c1 (Chlc1), chlorophyll c2
(Chlc2), chlorophyll c3 (Chlc3), peridinin (Per), 19’-butanoyloxyfucoxanthin (But), fucoxanthin
(Fuc), neoxanthin (Neo), violaxanthin (Viol), prasinoxanthin (Pras), 19’-hexanoylfucoxanthin
(Hex), alloxanthin (Allo), zeaxanthin (Zea), antheraxanthin (Anth), and lutein (Lut). Previous
research suggest that the majority of the phytoplankton community is represented within 20200µm size range (van der Molen et al. 2016), phytoplankton groups whose size were <36µm
were excluded from the matrix. Pigment ratio values for cyanobacteria were derived from
“cyano-1” pigment values from Higgins et al. (2011) and reported as Trichodesmium because
other representation within this group are solely freshwater species. Diatoms are distinguished by
the photopigment fucoxanthin, and PN can be further distinguished from this group by
containing chlorophyll c3 (Higgins et al. 2011). A subsample of the phytoplankton fraction was
preserved with a 5% Lugols solution, additional Lugols was added once the samples were
returned to the US.
A portion of the phytoplankton samples (13%) was analyzed to verify CHEMTAX results
(Table A.4). A settling procedure was used to concentrate the samples to 5mL and cell counts
were preformed using Sedgwick-Rafter counting cell on an inverted microscope at 10x objective
(ZIESS Axis Observer-A1 axiovert 135), and identified to genus level. A subsample of the
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zooplankton fractionated (>80µm) plankton was collected and preserved with 5% acidified
Lugols and organisms were identified to genus level using a dissecting scope
(ZIESS SteREO Discovery.V8). Chaetocerous spp. were noted at several sites in the
zooplankton fraction, however, due to preservation effects we were unable to accurately quantify
the biomass, therefore presence/absence was noted.
Particulate Organic Matter
Duplicate subsamples from both phytoplankton and zooplankton fractions (Table A.2) were
used for POM analysis. Duplicate samples were filtered through combusted GF/F under gentle
vacuum, frozen and transported to the US. 𝛿13C and 𝛿15N analyses were administered by the
University of Minnesota-Duluth Department of Chemistry and Biochemistry at the Large Lakes
Observatory following standard procedures by Bianchi and Bauer (2011).
Nutrient Analysis
Total organic carbon (TOC) samples were collected in 30mL combusted amber borosilicate
glass scintillation vials. For dissolved organic carbon (DOC) analysis, particulates were filtered
through GF/F using a bell jar vacuum and filtrate was collected. All samples were collected in
duplicate. DOC and TOC samples were acidified using 85% phosphoric acid to a pH of >2.0
and processed at University of Minnesota-Duluth Department of Chemistry and Biochemistry at
the Large Lakes Observatory following procedures established in Bianchi et al. (2004).
Samples for inorganic nitrogen (NO2, NO3, and NH4), phosphorous (PO4), iron (Fe) and
silica (Si) analysis were filtered through GF/F using gentle vacuum and collected in water quality
sterile sample bags (VWR # 89085-546) and frozen. Nutrients were analyzed at the Wetland
Biogeochemistry Analytical Services at LSU. Ammonium, nitrate + nitrite and orthophosphate
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concentrations were determined using standard auto analyzer techniques (EPA 353.4, EPA 350.1
and EPA 365.5). Dissolved inorganic nitrogen (DIN) was calculated as the sum of nitrate, nitrite
and ammonium concentrations, and dissolved inorganic phosphorus (DIP) was considered equal
to the orthophosphate concentration. Fe and Si were analyzed by ICP-OES using standard
methods (EPA #200.7). Quantification limits were 0.1µM for nitrate, 0.2µM for nitrite, 0.1µM
for ammonia, 0.04µM for phosphate, 0.012mg L-1 for silica, and 0.007mg L-1 for iron.
Statistical Analysis
Multivariate analyses were performed using SigmaPlot (version 14). Pearson correlations for
physiochemical and biological variables in surface water throughout the study were tested.
Significance was defined at p < 0.05. Numbers are reported as the mean ± standard deviation.
Distinct one-way analysis of variance (ANOVA) for temperature, dissolved oxygen and salinity
parameters were used to identify differences between regions. A Mann-Whitney t-test was used
to identify differences between subsurface and bottom temperatures. Based on the apparent
coastal upwelling event, statistical analysis was also performed on datasets collected before and
after July 14th, 2018. A Kruskal-Wallis One-Way Analysis of Variance (ANOVA) was used to
determine differences between subsurface and bottom temperatures both before and after the July
14th date using Dunn’s Method. For particulate organic matter, linear regressions were performed
for phytoplankton and zooplankton C vs. N concentrations before and after July 14th, 2018.
A Shannon Weaver Diversity Index was performed to compare diversity within the
zooplankton samples. The following equation was performed on each region:
Shannon Index (𝐻) = − ∑𝑠𝑖=𝑙 𝑝𝑖 ln 𝑝𝑖

S is equal to the number of species present within the population. Pi is equal to the proportion
of the population made up of species i (Pi = n/N). This fraction is multiplied by the natural log of
itself. The Shannon Index value (H) (Table 2.2) is equal to the inverse of total sum of these
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products. Shannon Equitability (EH) is also reported by dividing H by ln(S) with S being the
number of species identified within each region. Equitability assumes a value between 0 and 1
with 1 being complete evenness.
Results
Satellite Imagery
A total of 9 cloud-free MODIS-Aqua images between May 20, 2018 and August 15, 2018
were obtained and used to identify the presence of coastal upwelling, cyclonic and anticyclonic
eddies, and coastal fronts. An image from July 28, 2018 revealed the occurrence of localized
high chla concentrations (thus, elevated productivity) along the coast of Inhambane Province
(Figure 2.2). The circular nature (approximately 100km in diameter) and clock-wise rotation of

Figure 2.2. Sea surface temperature (SST) and chlorophyll a (Chla) images
from 28 July 2018 at 13:15 Local Standard Time (LST) reveal the
occurrence of a cyclonic eddy along the coast of Inhambane Province.
Estimate of chlorophyll a inferred from MODIS-Aqua image produced
using SeaDAS with NASA standard algorithms.
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the the chla feature suggest the existence of a cyclonic eddy. The feature is not apparent in the
corresponding SST image, however that could be due to the daytime warming of the surface
layer (<1m) measured by satellite sensors. The measurement of SST is confined to 1m whereas
chla a can extend deeper. The cyclonic eddy could have begun to impact the adjacent coastal
system several days prior, however cloud contamination prevented observation (BlondeauPatissier et al. 2014).
Following the cyclonic eddy, chla imaging from August 13 (Figure 2.3) reveal coastal
production along Inhambane Peninsula after the cyclonic eddy had dissipated. The high
concentration of chla is confined to the narrow shelf along a thermal front seen in the
corresponding SST image. This image also indicates that high production continued after
sampling period conducted in this study. Supplementary images processed within the sampling
period can be found within the Appendix.

Figure 2.3. SST and Chla images from 13 August 2018 at 13:15 LST show
coastal production along the shelf of Inhambane Province. Estimate of
chlorophyll a inferred from MODIS Aqua image produced using SeaDAS
with NASA standard algorithms.
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Environmental Parameters
Subsurface temperature (T), ranging from 22.7-25.6°C; bottom T, ranging from 21-25°C; and
dissolved oxygen, ranging from 6.36-7.04mg L-1, decreased throughout the study period from

Figure 2.4. A) Subsurface and bottom temperature and B) dissolved
oxygen concentration during sampling period. Dashed line represents when
major upwelling event occurred (July 14-19, 2018).
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May through August (Figure 2.4), while salinity remained relatively consistent, at an average of
36.58 ± 0.4 at all sites. No significant difference in temperature (p = 0.81), DO (p = 0.76), or

A

B

C

Figure 2.5. A) Wind vectors and frequency of B) wind direction and C) wind
speed along Praia do Tofo, Mozambique throughout the sampling period.
Data gathered from timeanddate.com and visualized using Python. Vectors
point in the direction of wind movement. Wind intensity is conveyed through
the length of the vector.
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salinity (p = 0.75) was observed between regions. A Mann-Whitney t-test revealed a significant
difference (p = 0.003) in temperatures recorded at the surface compared to the bottom of the
water column. However, these data failed the Shapiro-Wilk normality test. A decrease in T was
observed following July 14, 2018, which corresponded to a prolonged period of strong southerlydriven winds (ranging from 2.68 to 6.69 m sec-1) shifting to strong northerly winds (2.25 ±1.1 m
s-1) on July 19, 2018 (Figure 2.5), resulting in upwelling-favorable winds along the coast of
Inhambane Province. This event seemed to have an apparent effect on nutrients and biological
parameters, therefore is hereafter referred to as a major upwelling event (MUE).
Before the MUE, subsurface T averaged 24.8 ± 0.43̊°C and average bottom T was 23.9 ±
0.67̊°C (Figure 2.4 A). Following the MUE, the averages of subsurface ant bottom T dropped to
23.1 ± 0.31°C and 22.4 ± 0.93°C, respectively. By separating data recorded before and after the
MUE, the data passed the normality test and a one-way ANOVA revealed a difference (p <
0.001) between subsurface and bottom temperature. Multiple comparison was significant for all
pairs except for bottom T before the MUE vs. subsurface T after the UME and subsurface T vs.
bottom T after the MUE.
Pigment Analysis
Measured chlorophyll a (chla) concentration was used as a proxy for productivity and was
significantly affected by SST (p < 0.05). Low chla concentrations were observed early in the
sampling period and increased following the MUE event (Figure 2.6). Measured concentration
ranged from 4 – 234 ng L-1 prior to the MUE and 19 – 794 ng L-1 after the MUE. A large spike in
productivity on August 6, 2018 was observed in the central region on a day with calm conditions
and followed by low concentration during an increase in turbulence (Table A.1).
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Figure 2.6. Pigment community concentrations measured by HPLC
analysis and derived using CHEMTAX. Stacked bars represent total
chlorophyll a. Prior to MUE, low concentrations are observed and
increase by a factor of 2.6 following the MUE.
The phytoplankton community was dominated by diatoms (Figure 2.7), with a significant
portion composed of PN spp. Through microscopic analysis, the diatom assemblage was
composed of chain-forming genera including Bacteriastrum spp., Thalassiosira spp., Guinardia
spp., Chaetoceros spp., and the non-chain forming Rhizosolenia spp. Prevalent dinoflagellates
included Protoperidinium spp., Ceratium spp. and Pyrophacus spp., however Alexandrium spp.,
Dinophysis spp., Prorocentrum spp., and Akashiwo spp. were also observed in low abundance,
which have the ability to produce phycotoxins. The primary species identified within the “other”
category was Phaeocystis spp., a prymnesiophyte, and Dictyocha spp., a unicellular flagellate.
(Table A.5).
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Figure 2.7. Proportion of each phytoplankton group contributing to total chl-a at A)
northern, B) central, C) whale shark hotspot, and D) southern regions. Break in time
represents wind-driven upwelling event between July 14-19, 2018.
The northern region tended to have a higher proportion of dinoflagellates (Figure 2.7A), in
particular the week prior to the MUE, the community became dominated by dinoflagellates
(92%) as opposed to the diatom-dominated assemblage throughout the remaining sampling
period. Trichodesmium spp. tended to have a higher proportion (prior to UE = 4.62 ± 60%, post
MUE = 0.66 ± 1.5%) prior to the MUE, whereas PN increased in community proportion across
all regions following the MUE. Across all regions, PN contributed to 13.96 ± 15.6% of the
community before the MUE, and 40.11 ± 17.5 % after the MUE. The WSH region had the
highest change in PN proportion, with an average 25.2 ± 1.15% before the MUE and became the
dominant species with an average of 54.5 ± 4.9% following the MUE.
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Zooplankton Identification
Copepods represented the most abundant microzooplankton (62.9%) (Table 2.1). In total,
85% of copepods were less then 1000µm, indicating a smaller size fraction, 42.7% (n = 524) of
which were nauplius individuals within the zooplankton fraction. Of adult copepods (n = 703),
the most abundant genera were Clausocalanus spp. (25.0%, n = 176), Oithona spp. (23.6%, n =
166), Paracalanus spp. (20.6%, n = 145), Macrostella spp. (6.1%, n = 43), Acartia spp. (5.9%, n
= 40) and Oncaea spp. (7.5%, n = 53). No significant difference (p = 0.85) in abundance was
found before and after MUE (Figure 2.8. Copepod abundance counted from zooplankton fraction
(>80µm) based on organism size.).

Figure 2.8. Copepod abundance counted from zooplankton fraction (>80µm) based
on organism size.
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Table 2.1. Identified plankton by microscopy and frequency of occurrence across all sites and
sampling events.
Type

Genus

Region Occurrence

Frequency

Chaetognath

Flaccisagitta

WSH

1

Chaetognath

Sagitta

North, South

13

Copepod

Acartia

All

40

Copepod

Clausocalanus

All

186

Copepod

Calanus

All

12

Copepod

Halicyclops

All

28

Copepod

Macrostella

All

49

Copepod

Oithona

All

168

Copepod

Oncaea

North, WSH, South

52

Copepod

Paracalanus

All

94

Copepod

Subeucalanus

North, Central, South

10

Copepod

Tortanus

North, WSH

3

Diatom

Chaetocerous

All

11

Diatom

Cosinodiscus

All

51

Dinoflagellate

Ceratium

All

29

Dinoflagellate

Noctiluca

All

78

Dinoflagellate

Prorocentrum

WSH, South

16

Dinoflagellate

Protoperidinium

Central, WSH

24

Foraminafera

Globigerina

All

115

Gastropod

Limacina

All

47

Lancelet

Brachiostoma

Central

1

Larvacean

Fritillaria

North, Central, WSH

28

Larvacean

Oikopleura

All

62

Larvae

Pluteus

WSH, South

2

Larvae

Balanus

All

14

Polychaete

Myrianida

Central, South

12
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Large phytoplankton species were also identified in the >80m sample fraction, including
both diatom and dinoflagellate genera (Table 2.1). Identification did show that some PN cells
were captured within the large fractionation, however cell counts were minimal (16 total cells
within 10 samples). Large dinoflagellates such as Ceratium spp. (n = 29), Noctiluca spp. (n =
80), Prorocentrum spp. (n = 16), and Protoperidinium spp. (n = 24) were present in low
abundance. Large diatoms such as Coscinodiscus spp. (n = 103) and Chaetocerous spp. were
mostly present in low abundance with the exception of 6 samples dominated by Chaetocerous
spp.
A Shannon Weaver Diversity Index identified the relative diversity across the four regions
(Table 2.2). The northern region had the lowest diversity index out of all the sites. The sites with
the most similar index were the central and south reef regions, indicating similar diversity. The
whale shark hotspot region had an index closest to the central reef region.
Table 2.2. Shannon Weaver Diversity Index and Equitability.
Region

H

EH

North

2.71

0.82

Central

2.97

0.83

WSH

2.88

0.80

South

3.04

0.85

Particulate Organic Matter
Prior to the MUE, phytoplankton had lower concentrations of both carbon (9.24±5.0 mg mL1)

and nitrogen (2.41±1.2 mg mL-1) than zooplankton (13.8±5.0 mgC mL-1, 3.15±1.1 mgN mL-1)

(Figure 2.9). Regressions between cellular C:N revealed coefficients of 0.144 (R2 = 0.395) and
0.196 (R2 = 0.836) for phytoplankton and zooplankton, respectively. Zooplankton showed a tight
linear relationship in C:N ratio. Average C:N ratio was 4.07 ± 1.59 for phytoplankton and 4.42 ±

44

Figure 2.9. Ratio of particulate organic carbon (C) to particulate organic
nitrogen (N) concentration quantified within phytoplankton and
zooplankton fractions A) prior to MUE and B) after MUE.
0.61 for zooplankton. Following the MUE, phytoplankton showed a decreased coefficient of
0.102 (R2 = 0.881) whereas zooplankton maintained a similar relationship of 0.197 (R2 = 0.90).
Cellular nutrient concentrations of phytoplankton (20.9 ± 12 mgC mL-1, 3.78 ± 1.3 mgN mL-1)
and zooplankton (22.4 ± 8.9 mgC mL-1, 4.56 ± 1.8 mgN mL-1) increased and average C:N ratios
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Figure 2.10. Particulate organic C and N concentrations measured within phytoplankton
and zooplankton showed increased C:N ratios among regions before and after the
upwelling event at A) Northern reefs, B) Central reefs, C) WSH, and D) Southern reefs.
exhibited an increase of 0.24 for phytoplankton and 0.12 fold-change for zooplankton. POM
concentrations increased across all regions following the MUE (Figure 2.10).
There were two samples with high POM concentrations within the data, but not considered
outliers. The high value measured within the central region phytoplankton fraction corresponds
to the high productivity seen on 6 August 2018 (Figure 2.6), which contributes to the high
average C:N ratio (Table 2.3). One zooplankton sample was recorded to contain a large
crustacean larvae (~10mm), attributing for the large concentration of C and N.
Nutrient Analysis
Inorganic nutrient concentrations had no significant difference in concentrations (N: p =
0.573, P: p = 0.300, Si: p = 0.479), which suggest that the coastal system of Inhambane
Province is well-mixed (Figure 2.11, Figure 2.13). Iron concentrations were below detection
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Figure 2.11. A) Inorganic phosphorous concentrations and B)
inorganic nitrogen concentrations measured during field
season. Symbols represent the sampled region. Dashed line
represents when the MUE took place.
limits (0.007 mg L-1) and not reported. Both inorganic nitrogen (NO3 + NH4) and silica were
temporally and spatially variable.
NH4 form of nitrogen dominated concentrations with no NO2 detected. Total nitrogen
concentrations (N) fluctuated within each region and ranged between 1.60 µM L-1 to 4.15 µM L1

(Figure 2.11 B). The Whale Shark Hotspot region averaged lower concentrations (average 2.15

± 0.62 µM L-1) than the reef sites (average 2.66 ± 0.78 µM L-1). The WSH was not affected by
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the MUE. The North and South regions experienced a 19.7% and 6.9% decrease respectively in
N concentration following the UE (North prior MUE [N] = 2.66 ± 1.15 µM L-1, North following
MUE [N] = 2.14 ± 0.58 µM L-1; South prior MUE [N] = 2.76 ± 0.73 µM L-1, South following
UE [N] = 2.14 ± 0.58 µM L-1). The central region experienced an 8.1% increase in average N
following the MUE (prior MUE [N] = 2.73 ± 0.71 µM L-1, following MUE [N] = 2.95 ± 1.1 µM
L-1).
Inorganic phosphorous concentration ranged from 0.161 µM L-1 to 0.36 µM L-1 throughout
the study period with an average concentration of 0.21 ± 0.04 µM L-1 (Figure 2.11 A). The whale
shark hotspot region had the highest concentrations with a mean of 0.25 ± 0.07 µM L-1, however
the reef regions had a collectively similar mean of 0.196 ± 0.02 µM L-1. Following the MUE, the
WSH increased in P concentration by 12.5% (prior MUE [P] = 0.24 ± 0.06 µM L-1, following
MUE [P] = 0.27 ± 0.09 µM L-1).
Prior to the upwelling event, the average N:P ratio was 13.4 with a wide variation (std =
3.92) and following the MUE, this ratio decreased to 10.48 (std = 2.44) with the exclusion of two
samples from the central region high in nitrogen (Table 2.3). In addition, the WSH region, which

Figure 2.12. Relationship between inorganic nitrogen and inorganic phosphorous A) prior to UE
and B) post MUE. Symbols represent the sampled region.
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tended to have higher P concentrations, did not follow the trend and had the lowest ratios both
before and after the MUE (combined average ratio of 9.07±3.63).
Table 2.3. Average particulate C:N ratios of samples collected within the four study regions
before and after the major upwelling event.
Before
Following
Region
Type
MUE
MUE
North
Phytoplankton 4.01±0.41 3.77±0.65
Zooplankton
3.85±2.56 2.36±1.86
Central
Phytoplankton 4.87±0.69 4.24±1.43
Zooplankton
3.58±1.41 3.80±1.96
WSH
Phytoplankton 4.47±0.10 5.34±1.41
Zooplankton
4.62±1.46 4.27±0.47
South
Phytoplankton 4.42±0.61 4.98±3.20
Zooplankton
4.28±1.40 3.86±1.02
Inorganic silica concentrations ranged from 0.99 mg L-1 to 2.27 mg L-1 with an average value
of 1.41 ± 0.39 mg L-1 (Figure 2.13). The upwelling event had no apparent effect on silica
concentration (p = 0.82). Silica was highest in the southern region in late July. Samples collected
on the same day within the south region revealed high variability within regions, “Manta” reef
had a silica concentration of 2.27 mg L-1 while “Robs” reef had a concentration of 1.13 mg L-1,
one of the lowest concentrations. This difference could possibly be an indicator of different
processes affecting the reefs in similar proximity or simply indicate that there is high variability
within the system.
Discussion
Several coastal processes including wind-driven coastal upwelling are working together to
enhance productivity and create community shifts. Many temperate systems experience seasonal
increases in productivity during spring and summer months associated with increases in SST and
expanded photoperiod (Sigman & Hain 2012), however Inhambane Province, subtropically (or
semi-temperate) located near the Tropic of Capricorn (23.5°S), exhibited an increase in

49

Figure 2.13. Silica concentration (average 1.4 ±0.39 mg L-1) during the austral winter of
2018. Symbols represent the sampled region. The upwelling event had no effect on
concentration (p = 0.82).
productivity during austral winter months (June-August). A decrease in SST throughout the field
season was indicative of a seasonal shift into austral winter, and increased productivity (chl-a),
suggesting this semi-temperate system is controlled by different factors.
Temperature was similar across all regions and indicated the system is well mixed.
However, it is possible that depth of the dive site (where bottom T was recorded) could play a
role in differences between surface and bottom T. Across the sampling period, the difference
in T between subsurface and bottom recordings indicates that there is a T gradient within the
water column, but these values are not normally distributed, which is likely due to the drop in T
following July 14th, 2018. When separated before and after this date, the data are found to be
normally distributed and significantly different. The comparison between bottom T before
the MUE and subsurface T after the MUE found these values to be statistically similar, which
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could indicate that the colder bottom temperatures below the surface moved upwards, reflecting
the noted rise of thermocline felt by SCUBA divers in late July and early August. Bottom and
subsurface T following the MUE was not significantly different, which corresponds to the noted
shallow thermocline in the top 5 meters of the water column noted by divers. A rise in the
thermocline is an indication of upwelling processes affecting a coastal system and often used as
an identifying indicator in satellite imaging (Schumann et al. 1982).
Pigment proportions and cell counts revealed slight differences in patterns, which could be
attributed to cell sizes and pigment composition. Pigment ratios were verified with microscope
identification (Table A.4). Percentage of cell counts were not always aligned with pigment
percentages, in particular, Trichodesmium spp. percentage by cell count is often higher than
pigment concentrations, this is due to the small cell size of Trichodesmium spp. create a
disproportionate dominance over biomass of other taxa. While pigment ratios were assessed to
accurately represent the proportion of Trichodesmium spp. biomass within the sample, it should
be noted that due to low concentrations of overall pigments, CHEMTAX analysis may
underestimate rare groups. Dinoflagellates, aside from “type 1” containing peridinin
(photosynthetic dinoflagellates), are difficult to distinguish among pigments because they have
derived their pigments from other taxa, causing the group to possibly be invisible to pigment
analysis (Higgins et al. 2011). Pigment starting ratios for dinoflagellates were adjusted to best
represent the community, however, identification counts revealed a general under representation
of this group. In general, diatoms were well represented through pigment analysis. PN
proportion corresponded with cell counts with the exception of August 6, 2018, which had a
higher abundance of non-PN diatoms than suggested via CHEMTAX. Rhizoselenia spp. and
Pseudosolenia spp. were contributors to this sample, which are also considered “type 2” diatoms
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containing fucoxanthin (Higgins et al. 2011) and accounted for the misrepresentation. These
species were not large contributors among other samples, therefore general trends discussed
regarding PN still provide an accurate representation of the system.
As found within many coastal systems, our data indicated that Inhambane Province coastal
waters are diatom-dominated (Figure 2.6) and reflected similar identified genera (Table A.5) to
other studies within the Southwestern Indian Ocean (Barlow et al. 2007, Sá et al. 2013, van der
Molen et al. 2016, Olofsson et al. 2017), including a large proportion of biomass comprised of
the pennate diatom, Pseudo-nitzschia spp., a known toxin producing species. Other dominating
diatoms were Bacteriastrum spp. and Chaetoceros spp., which were present in all phytoplankton
samples. Diatoms tend to have a high C:N ratio (Garcia et al. 2018) which make them a
favorable prey item for zooplankton because of their high energy content (Hessen 1992).
Zooplankton identification revealed qualitative insight to the mesozooplankton assemblage
but is not a quantitative analysis of this group due to low abundance collected. The primary goal
of this identification was to assess the diversity of this size class along the coastal system;
therefore, a Shannon Weaver Diversity Index was used to assess differences of present species
between the four regions in the study. Diversity and evenness between the regions were similar,
which was anticipated based on the small spatial scale of the study, however the northern reefs
exhibited a trend for lower diversity. While the WSH had the lowest evenness at 0.80, the region
still exhibited a uniform distribution. Copepods made up a large portion of this diversity, which
likely contributed to equitability scores ranging from 0.80-0.85, indicating that diversity was not
completely even, however relatively high. Given that diversity is important in predicting
ecosystem stability (Ptacnik et al. 2008), the data suggests that the northern region is less stable
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than the central and southern region, while the WSH remains in the middle. Differences in this
index are an indicator that slightly variable coastal processes are affecting these areas.
Based on global averages in ambient nutrient ratios, the Redfield Ratio of
106C:16N:1P:1Si:0.01Fe was developed as a baseline for determining nutrient limitations within
aquatic systems (Redfield 1958). Nutrient analysis along coastal Inhambane Province revealed
an average ratio of 13:1 (N:P), suggesting this system is primarily controlled by nitrogen
availability. Silica is an important nutrient for diatoms (Reynolds 2006, Bristow et al. 2017),
with overall ratios of 2:1 (N:Si) and 7:1 (Si:P). The low ratio between N:Si further suggests that
nitrogen is the primary limiting nutrient for diatom growth, and the high Si:P ratio suggests that
this macronutrient is likely not a limiting nutrient. Iron is also a limiting nutrient in systems,
however these systems are primarily characterized with high nutrients (Coale et al. 1996); among
the oligotrophic coastal system of this study, Fe was undetected and due to its close proximity to
shore was not considered a limiting nutrient within the system.
Following the MUE, all sites, with the exception of two samples from the central region,
exhibited a reduction in available nitrogen (Figure 2.13) suggesting an influx of new nitrogen
during the MUE promoted an increase in productivity and resulted in a decrease in ambient
nutrient ratios likely due to nutrient uptake, which is supported by the increase in particulate
organic nitrogen (Figure 2.10). The high N:P ratio (>20N:P) within two samples from the central
region indicated possible phosphorus limitation within the system and corresponded to a high
proportion of PN spp. dominance, supporting previous research which suggested PN spp. was
able to maintain high growth under phosphate-limited conditions (Hu et al. 2008).
Following the MUE event, both inorganic N:P ratios (Figure 2.12) and phytoplankton C:N
ratios decreased (Table 2.3) suggesting possible nutrient limitation causing a shift to smaller
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phytoplankton species within the community (Litchman & Klausmeier 2008). Smaller
phytoplankton are adapted for rapid growth rates at lower nutrient concentrations (Litchman &
Klausmeier 2008), leading to an increase in trophic structure and an overall decrease in energy
movement through the trophic system (Probyn 1992). Energetically, high C:N ratios are more
efficient at converting energy between trophic levels, therefore considered more nutritious
among primary consumers (Jones & Flynn 2005), however mono-species diet can have
decreased nutritional effects on zooplankton. Increased C:N ratios following the MUE could be a
crude indication of higher quality prey source, however upon further inspection, data showed PN
became dominant in response to the MUE, which could have deleterious nutritional
consequences on consumers from decreased diversity. Fatty acid analysis is suggested as a better
indicator of nutritional quality (Sterner & Schultz 1998), which captures the essential nutrients
often not provided within a monodiet (Jones & Flynn 2005). While fatty acids were not available
for this study, they should be included in future research.
Copepods were the most abundant type of zooplankton within samples, which are important
for supporting higher trophic webs (Turner 2004). Copepods make up a portion of the diets of
planktivorous megafauna feeding along the coast of Inhambane Province, revealed by fatty acid
signature analysis (Couturier et al. 2013, Rohner et al. 2013a), however a larger portion is shown
to be composed of mysids and sergestids. These demersal zooplankton species were not captured
and identified with my sampling methods, which suggests a need for sampling methods that
would capture diel migrating zooplankton at night when these species are more active in order to
fully capture the trophic interactions between plankton and planktivores.
Variability in environmental parameters such as nutrients was low between regions, however
there were slight trends in varying coastal processes. The Whale Shark Hotspot (WSH) region
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tended to be low in nitrogen and higher in phosphorous, suggesting greater nitrogen limitation
for this site. There was a correlation between the low nutrient ratios and PN dominance. This
dominance within the phytoplankton community could be the basis for a lower diversity index
among the zooplankton compared to the central and southern reef regions. Productivity and
zooplankton diversity were lower within the northern region, with productivity identified as the
lowest within the area and a low C:N ratio was apparent within this region. The northern reefs
are the only region where large megafauna (with the exception of migrating humpback whales)
are not sighted. While the differences seen in the northern region compared to the other regions
are minute, they indicate key factors that drive the biodiversity within this system.
One explanation for the variability between the regions relates to the small-scale physical
dynamics of these locations that promote primary productivity. Localized upwelling from winddriven dynamics influence coastal systems, which are highly influenced by depth of shelf region
and geography of the coast (Hanson et al. 2005). The near-shore dynamics of the WSH region
support productivity within turbid waters, which are highly favorable to diatoms (Margalef 1978,
Estrada & Berdalet 1997, Compton 2011) and is a consistent source of mixing within the shallow
sandy region, resulting in a higher source of phosphorus to the area. The central and southern
regions are also highly influenced by the geography of the peninsula, which acts as a headland,
shown to play a pivotal role in the nature of upwelling (Lutjeharms & Stockton 1991). This
theory is consistent with the depth profiles of these regions as well, where a slight depth gradient
from north (deepest) to south (shallower) could potentially drive variation water mixing
properties. These variations are exacerbated as energy is transferred up the food chain and could
explain the year-round nature of planktivore sightings within the shallow, diatom-dominant, and
productive near-shore region of the WSH region. Central and southern regions were also highly
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productive, responding to the nutrient pulses, which could be reflected in the increased diversity
along the coral reef habitats. To test this idea, sampling during contrasting seasons would help
identify if these processes are consistent year-round and could identify further seasonal
influences to the plankton community and influence dynamics under warmer surface water
conditions found in summer months.
Additional satellite images (see Appendix) also provided insight on coastal productivity
within coastal areas outside of the immediate study area, such as within the Baia de Inhambane
estuary or further south along the coast by Praia de Zavora. Both these areas are characterized
with high concentrations of chlorophyll a. Satellite imagery is a helpful tool for studying large,
ocean processes, however coastal systems are much more variable in terms of light interactions
with the bottom, with dissolved and suspended pigments and suspended material and thus require
in situ verification for accurate analysis of chlorophyll a in particular. During this study, I
attempted to ground truth these images along the coast of Inhambane Province, however, was
unsuccessful due to logistics with satellite passover times. To understand how these areas are
affected by similar processes, there is a need for more collaborative research to assess the use of
satellite imaging used to expand the spatial range of the coastal study.
Anthropogenic nutrient loading from terrestrial sources can increase growth of harmful algae,
such as PN spp. (Trainer et al. 2010). Data from this research suggest that the coastal system
along Inhambane Province is not highly impacted by freshwater input. Salinity throughout the
season remained relatively constant, which took place during the dry season. Additional research
during the wet season (austral summer) would verify if this trend is present year-round.
Mozambique is forecasted to continue to grow in agriculture (Porter et al. 2017) and aquaculture
(FAO 2005, World Bank 2018a). As the coastal communities develop and increase agriculture
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and aquaculture production, determining the impact of freshwater runoff can help predict
changes in nutrient input.
In addition, the Praia do Tofo region would benefit from the understanding of seasonal
dynamics on plankton assemblage and community dynamics. Warmer surface temperatures and
increased irradiance (not measured within this study) would likely influence the community and
present different trends in environmental parameters, especially nutrients. The influence of
Trichodesmium spp. was not significant within the study period, however is noted to be
seasonally affected by the monsoon season in nearby Tanzania (Lugomela et al. 2002),
promoting the recycling of limited N through nitrogen fixation properties. This species is also
recognized as a harmful species in these areas (Tamele et al. 2019) and is predicted to increase in
prevalence under elevated surface temperature conditions.
Changes to mesoscale processes affecting environmental conditions and nutrient transport are
predicted to occur within the Southwestern Indian Ocean (Backeberg & Reason 2010, Behagle et
al. 2014), possibly impacting the factors influencing primary productivity. The Indian Ocean is
warming faster than any of the other global oceans and will likely have profound effects on
surrounding coastal communities (Hermes et al. 2019). Annual variability in monsoon events is
predicted to intensify and become more frequent. Monsoon events affect Mozambique in late
austral Summer (January – March), including Cyclone Favio in February 2007 and Cyclone
Dineo in 2017 affecting Inhambane Province. These events have shown to increase productivity
in the Northern Indian Ocean (Madhu et al. 2002) and south of Madagascar (Uz 2007). Increased
nitrate sources during monsoon season have shown to promote PN booms in Tanzania (Hamisi &
Mamboya 2014). Warming is predicted to have slowed effects on the Indian Ocean Dipole,
which contributes to interannual variability in rainfall and is likely to result in decreased rainfall
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(Saji et al. 1999). Overall, rainfall in southern Africa is expected to become less frequent,
however intensity of rainfall events is expected to increase (Usman & Reason 2004). These
processes are likely to affect coastal systems, resulting in decreased overall terrestrial runoff,
while increase the intensity of nutrients being inputted into the coastal system, which have
increased the frequency of harmful cyanobacteria blooms within Tanzania (Lugomela et al.
2002).
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Chapter 3. Environmental influences on domoic acid production by Pseudonitzschia spp. along coastal Inhambane Province, Mozambique
Harmful algal blooms (HABs) are increasing globally in frequency, persistence, and
geographic extent and threaten the economy of coastal communities and ecosystem and human
health. However, in many parts of the globe, especially in developing countries, there is
insufficient monitoring of HAB events, as this is evident in eastern Africa. With an extensive
coastline and an abundance of marine natural resources, Mozambicans rely on the coastal
ecosystem for food and economic security. This is especially true in Southern Mozambique,
which is a known biodiversity hotspot supporting large megafauna such as Rhincodon typus
(whale shark), who’s year round presence supports an expanding ecotourism industry. Previous
studies have identified Pseudo-nitzschia spp. (PN), a known producer of the neurotoxin, domoic
acid (DA), within phytoplankton communities along the Mozambican coast. This is the first
study to document the occurrence of DA along the coast of Inhambane Province in Southern
Mozambique, specifically within an area with the highest sightings of R. typus. While
concentrations of DA were low, ranging between 0.102 and 11.7 pg particulate DA L-1, impacts
to ecosystem health through bioaccumulation and magnification could have broader impacts to
coastal communities. Wind-driven upwelling along the coast promoted primary production and
increased the abundance of PN. Peak DA concentrations corresponded to a decrease in
subsurface temperature and upwelling-favorable wind conditions. DA concentrations tended to
be higher under conditions of phosphorus limitation. Domoic acid was also quantified in
mesozooplankton samples, providing evidence for bioaccumulation within a system, as
mesozooplankton function as a vector for higher trophic level biomagnification. These findings
suggest a need for continued and comprehensive monitoring of DA along southern Mozambique.
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Introduction
Harmful algal blooms (HABs) are a natural phenomenon, which are increasing globally in
frequency, persistence, and geographic extent due to anthropogenic influences (Smayda 1990,
Van Dolah 2000, Graneli & Turner 2006, Heisler et al. 2008, Paerl & Paul 2012, Davidson et al.
2014, McKibben et al. 2015, Wells et al. 2015, Hallegraeff 2019). Increases in HAB events
coincide with global climate change and coastal eutrophication from human development along
coastlines and waterways (Van Dolah 2000, Anderson et al. 2008). These blooms can cause
substantial harm to coastal societies through economic impairment by increased costs associated
with bloom management and decreased revenue during fisheries closures (Anderson et al. 2000,
Grattan et al. 2016, Willis et al. 2018). For example, in the United States, the economic impact of
HABs is reported to be over $49 million per year from public health (45% of total economic
impact) and commercial fisheries (37%) (Anderson et al. 2000), however this estimate has likely
grown in the last 20 years with increased HAB events. Understanding coastal dynamics
contributing to the presence and duration of HABs is important for economic security and human
health.
Domoic acid (DA) has received increased attention among global monitoring efforts since
the first outbreak resulting in the death of at least three people following the consumption of
contaminated shellfish from Prince Edward Island in eastern Canada (Bates et al. 1989). Domoic
acid is a potent neurotoxin produced by several species of the genus Pseudo-nitzschia, leading to
both acute and chronic toxicity in mammals, fish and birds (Work et al. 1993, Lefebvre et al.
2002, Bargu et al. 2010, Fire et al. 2010, Zabaglo 2016, D'Agostino et al. 2017). The neurotoxic
effects of DA on mammals is due to its chemical structure similar to glutamic acid, an excitatory
neurotransmitter. DA permanently binds to the glutamate receptors, eventually causing cell death
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(Goldstein et al. 2008). Human consumption of highly contaminated shellfish can lead to
Amnesic Shellfish Poisoning (ASP); symptoms include gastrointestinal distress, confusion,
disorientation, seizures, short-term memory loss, and in rare cases can cause death (Bates et al.
1989, Jeffery et al. 2004, Lefebvre & Robertson 2010, Saeed et al. 2017). No human fatalities
have been reported since the implementation of monitoring programs, however DA still causes
harm to the ecosystem through the accumulation of toxin within the food web (Goldstein et al.
2008, Trainer et al. 2012, D'Agostino et al. 2017, Saeed et al. 2017, Bates et al. 2018).
Domoic acid poisoning can affect marine mammals, birds, and other organisms through the
bioaccumulation of DA within vector organisms (Bargu et al. 2010, McKibben et al. 2015,
McCabe et al. 2016). Humans are most directly exposed to DA through shellfish, however,
vector species within the ecosystem can include zooplankton, benthic organisms and small fishes
(Bargu et al. 2002, Del Rio et al. 2010, Leandro et al. 2010, Bargu et al. 2011b, Tammilehto et
al. 2012, Baustian et al. 2018). Vector organisms often exhibit no physical effect from DA
accumulation (Bejarano et al. 2008), which allow the toxin to become biomagnified within the
food web, impacting higher trophic organisms such as birds and marine mammals. Along the
California coast in 2015, the consumption of toxic anchovies led to the mortality of over 400
California sea lions (Zalophus californianus) all exhibiting signs of neurological dysfunction
(Trainer et al. 2000, Bauer 2006, McKibben et al. 2015, Bates et al. 2018). Similarly, DA
detected in fecal samples was implicated in southern right whales calf mortality off the coast of
Argentina (D'Agostino et al. 2017). The interactions of DA within the food web are complex, but
occur under environmental conditions that promote PN growth.
Individual species of PN have specific growth and toxin production dynamics in response to
temperature, salinity, irradiance, photoperiod, and variation in nutrients (Hasle 1995, Pan et al.
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1998, Wells et al. 2005, Fehling et al. 2006, Thessen 2007, Cochlan et al. 2008, Hu et al. 2008,
Seeyave et al. 2009, Thessen et al. 2009, Anderson et al. 2010, Auro & Cochlan 2013, DownesTettmar et al. 2013, Terseleer et al. 2013, Martin-Jezequel et al. 2015, McCabe et al. 2016,
Shanks et al. 2016, Lema et al. 2017, McKibben et al. 2017, Thorel et al. 2017, Delegrange et al.
2018, Radan & Cochlan 2018, Van Meerssche et al. 2018). For example, P. delicatissima is
documented to dominate waters with lower salinity and irradiance and cold temperatures in
systems off Scotland (Fehling et al. 2006), whereas P. seriata bloom during warmer
temperatures with higher ammonium levels. Through lab experiments, Fehling et al. (2004)
documented increased DA production under phosphorus (P) and silica (Si) limitation by P.
seriata, and which has also been seen in the natural system within the Bay of Seine (France)
(Thorel et al. 2017). Experiments with nutrient ratios have demonstrated that P. pungens is able
to maintain high growth under low P conditions (Hu et al. 2008) and globally have expanded to
coastal systems that have experienced nitrogen loading (Casteleyn et al. 2008, Lundholm et al.
2010). Experiments in the Pacific Northwest have shown P. multiseries, noted as one of the most
efficient DA producers (Hasle 2002), to exhibit higher DA production under ammonia and urea
sourced N as opposed to nitrate (Radan & Cochlan 2018), whereas cultures from European
waters revealed DA production at its highest under urea enrichment (Martin-Jezequel et al.
2015). These complex species interactions highlight the importance of understanding speciesspecific factors contribute to DA toxicity.
Pseudo-nitzschia spp. is a globally cosmopolitan diatom that is particularly prevalent in
Eastern Boundary Systems (EBS), including the California, Humbolt, Canary, and Benguela
current (Pitcher & Pillar 2010, Trainer et al. 2010). In these areas, blooms typically occur
between late spring and summer when upwelling introduces key nutrients, particularly nitrogen
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(Trainer et al. 2000, Trainer et al. 2002, Fawcett et al. 2007). Shellfish closures from PN blooms
have become an increasing trend within European shellfish fisheries, particularly in the UK,
Ireland and France (EFSA 2009, Trainer et al. 2012). The seasonal variation of these bloom
events have been extensively studied along the Canary current and shown to result in species
succession, primarily controlled by increasing photoperiod, beginning with the onset of spring
nutrient upwelling.
Incidences of DA within western boundary systems (WBS) have historically been less
prevalent. Blooms of Pseudo-nitzschia spp. along WBS typically occur in shallow bays or
estuaries where nutrients are terrestrially sourced, such as along the coast of China and eastern
United States (Thessen 2007, Anderson et al. 2010, Van Meerssche & Pinckney 2017, Jiang &
Wang 2018). Blooms of PN along the continental shelf of Maine are driven by the Maine Coastal
Current causing nutrient upwelling and limitation of growth by silica (Fernandes et al. 2014). In
the southern hemisphere, DA emerged as a potential threat to fisheries among WBS in New
Zealand beginning in the 1990’s (Rhodes et al. 1998, Rhodes et al. 2013). In eastern South
America, a bloom of P. australis produced detectible levels of DA within the Argentine Sea in
2000 (Negri et al. 2004, Almandoz et al. 2017). In 2001, DA was reported in mussels in Uruguay
(Méndez et al. 2012), followed by a reported contamination of farmed mussels in Brazil, leading
to a shellfish fishery closure for 25 days (Fernandes & Brandini 2010). While worldwide, EBS
have received attention for increases in PN abundance and DA events, coastal zones worldwide
are being impacted by DA due to increased frequency of warm ocean anomalies (McKibben et
al. 2017) and WBS could be a potential area of concern for future toxic blooms.
To protect human health from the threats posed by DA contamination, many global
monitoring efforts have set a regulatory limit of 20 µg DA/kg shellfish, which is based on the
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lowest level of DA reported to cause toxic effects in humans (Lefebvre et al. 2017). The purpose
of these efforts is to mitigate the acute exposure of DA, however this creates a gap in the
understanding of health impacts through chronic exposure at low doses (Hiolski et al. 2014). A
study on mice by Lefebvre et al. (2017) found that repeated DA exposure in low doses impacted
cognitive function and memory, however, the mice were able to recover following the cessation
of exposure. Other studies have found that populations where subsistence shellfish harvest is a
common practice could be at risk for chronic exposure and long term memory loss (Grattan et al.
2016, Ferriss et al. 2017). With this in mind, it is important to study toxin production even in
areas where toxin production could be low but sustained for long periods of time.
Harmful algal blooms within the Southwestern Indian Ocean (SWIO) are understudied due to
a lack of monitoring infrastructure, despite the presence of HA species and documented accounts
of marine toxins within the region (Tamele et al. 2019). Okadaic acid and ciguatoxin, produced
by dinoflagellates, have been recorded along the east coast of Madagascar and nearby islands
including Mauritius, the French Islands, Comoros, and Seychelles (Boisier et al. 1995, Bouaïcha
et al. 2001, Tamele et al. 2019). An outbreak in 1993 along the east coast of Madagascar
following the consumption of a single shark contaminated with ciguatoxin led to the
hospitalization of 188 people and resulted in the death of 50 people, including a dog that was
reported to have licked the blood from the harvested shark (Boisier et al. 1995). South Africa has
the most developed HAB monitoring program within the SWIO. Multiple derivatives of okadaic
acid and yessotoxins have been reported within mussels along the western side of the country
associated with the Benguela current, however, no marine toxins have reported to cause shellfish
closures along the eastern coast (DAFF 2016). With the global trend of expanding distributions
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of toxic algal species, monitoring efforts in South Africa are actively exploring phytoplankton
distribution and ecology.
The coastal waters of Southern Mozambique feed the Agulhas Current, one of the strongest
WBS in the world (Bryden et al. 2005, Lutjeharms 2006, Lamont et al. 2010). This current
system is greatly influenced by the East Madagascar Current and eddies within the Mozambique
Channel (Lutjeharms 2006). In the Indian Ocean, the South Equatorial Current flows west and
diverges around Madagascar with one current flowing around the north end of the island and
another flowing south, forming the East Madagascar Current (Quartly & Srokosz 2004, Raj et al.
2010). Water flowing south within the Mozambique Channel along the steep slope, narrow shelf
(Swart et al. 2010) forms both cyclonic and anticyclonic eddies (Lutjeharms 2006). Westward
cyclonic (cold core) eddies are a common along the south of Madagascar during austral winter
with a lifetime from a weeks to months (Lamont et al. 2014, Barlow et al. 2017). The southern
end of the channel and East Madagascar Current merge between Maputo and Durban, forming
the Agulhas Current. These waters are primarily oligotrophic, however mesoscale features such
as coastal upwelling caused by wind stress and cyclonic, cold-core eddies promote increased
primary production along the southeastern coast of Africa (Lamont et al. 2010, Barlow et al.
2014).
Coastal phytoplankton dynamics along the majority of Mozambique’s coastline are under
studied, but the plankton community contributing to the highly productive Delagoa Bight in
Maputo Bay and Sofala Bank have been broadly studied (Sá et al. 2013). The Sofala Bank area is
an important fishery ground associated with nutrient input from the Zambezi River primarily
dominated by diatoms (70-90%), including Chaetoceros spp., Pseudo-nitzschia spp., Proboscia
alata, Cerataulina pelagica and Thalassionema nitzschioides and small abundance of
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dinoflagellates (Sá et al. 2013). Contrastingly, the Delagoa Bight productivity is driven by
mesoscale features which replenish nutrients throughout most of the year (Barlow et al. 2007),
which allow microphytoplankon (20-200 µm) to be dominant. These features influence the
biological productivity supporting higher trophic level diversity along southern Mozambique
(Tew-Kai & Marsac 2009, Tew Kai & Marsac 2010, Ternon et al. 2014).
To date, there have been no reported HAB-related events in Mozambique (Tamele et al.
2019). PN is among the diatom assemblage of coastal Mozambique (Sá et al. 2013), however
species level identification has not been confirmed. Of the 52 identified species of PN, 26 (50%)
are toxigenic (Bates et al. 2018). PN spp. exhibit species-specific dynamics with regards to toxin
production and responses to available nutrients (Trainer et al. 2012, Thorel et al. 2017). Three
generalized groups have been suggested based on morphological characteristics: P. pungens/P.
multiseries group, P. australis/P. seriata group, and P. delicastissima group (Trainer et al. 2008,
Lelong et al. 2012). A study by Lugomela (2013) identified three species of PN along the coast
of Tanzania, including P. pungens, P. cuspidate, and P. seriata, all of which are documented to
produce toxins in other parts of the world (Hasle 1995, Hasle 2002, Fehling et al. 2004,
Casteleyn et al. 2008, Trainer et al. 2009, Trainer et al. 2012, Tammilehto et al. 2015, Bates et al.
2018). In addition, P. multiseries has been identified to be responsible for DA accumulation in
mussels within Algoa Bay, South Africa (Pitcher et al. 2014).
Particulate DA has been documented along the coast of Inhambane Province (Figure 3.1) and
suggests a seasonal spike in production at the beginning of austral winter (Errera, personal
communication). This is the first documentation of DA production within the Southwestern
Indian Ocean and while concentrations are low the presence of DA could lead to broader impacts
on ecosystem health. Coastal Inhambane Province is a biodiversity hotspot for whale sharks,
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manta rays, migrating humpback whales, bottlenose dolphins, humpback dolphins, dugongs, sea
turtles, small-eye stingray, guitar sharks, corals, and many reef fishes (Pierce et al. 2008, Rohner
et al. 2013b, Pereira et al. 2014, Williams et al. 2017, Fordyce 2018, Rohner et al. 2018). This
biodiversity supports a prominent tourism industry for SCUBA diving, snorkeling, surfing, and
fishing. In addition, roughly two-thirds of Mozambique’s population lives along the coast and
relies on marine resources as a source of food and income (FAO 2017, World Bank 2018a), with
nearly 1.5 million people living in Inhambane Province (Instituto Nacional de Estatística, 2017).
The reliance on the coastal system within the community highlights the importance to assess the
drivers and influences of coastal productivity.
The purpose of this research is to provide the first comprehensive study on PN spp. and the
occurrence of DA in Inhambane Province during a potential peak season. Globally, DA

Figure 3.1. Particulate domoic acid detected within coastal waters of Inhambane
Province, Mozambique in area with high sightings of Rhincodon typus (whale shark)
between January 2017 - May 2018 (Errera, unpublished data) from WSH.

67

production by PN is increasing in geographic extent and intensity with changes to coastal
environments, including western boundary upwelling systems (Trainer et al. 2008, Sekula-Wood
et al. 2011, Trainer et al. 2012, Trainer et al. 2019). Currently there are no studies related to the
coastal ecology of PN spp. in Mozambique, however limited studies related to phytoplankton
dynamics have identified a cosmopolitan occurrence within the Mozambique Channel and
coastal community (Raj et al. 2010, Sá et al. 2013, Barlow et al. 2014, Barlow et al. 2017,
Olofsson et al. 2017). In addition, very few of these studies have quantified inorganic nutrients
shifts within the coastal system of Mozambique (Olofsson et al. 2017). Specifically this research
will compare the occurrence of DA and environmental conditions across four regions, which
differ in sightings of whale sharks. I aim to identify differences in the dynamics where
planktivores are commonly sighted versus the areas where they are less common. Given the
importance of planktivores in the area and societies dependence on the productivity of the
system, this research could provide essential data to support economic growth within the region.
Furthermore, this research will serve as a baseline for future changes to the coastal area and
identify environmental factors that promote DA production.
Methods
Study Site
The study was conducted along the coast of Inhambane Province, Mozambique, stretching
approximately 40 km from Barra Beach (2347’35.00S, 3531’05.00 E) to Praia de Jangamo
(2403’52 S, 3529’33 E) (Figure 3.2). The region is defined by a narrow continental shelf with a
steep slope (Swart et al. 2010), warm waters (21-29C), and coastal upwelling, providing for a
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diverse coral reef complex. The area is a popular destination for recreational SCUBA,
snorkeling, surfing, and fishing.

Figure 3.2. Inhambane Province, Mozambique. Four reef regions
were chosen for detailed study. Coral reef regions are outlined in
green and the soft bottom area, termed the whale shark hotspot
(WSH), is outlined in red.
Based on the geophysical and benthic characteristics, four regions were chosen for detailed
study: northern reefs, central reefs, central soft bottom, and southern reefs (Figure 3.2). The
northern reefs are dominated by hard plated corals such as Acropora spp. (plate coral), Porites
spp. (porous coral) and Favia spp. (false honeycomb coral). The site is marked by strong currents
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typically flowing from the northwest to the southeast and is also the closest location to Baia de
Inhambane and estuary system. Reefs within the north site range between depths of 23 and 31 m.
While the area provides habitat for large aggregations of schooling fish, due to the variable
currents, this region is less frequented by recreational divers and fisherman.
The central reef sites are sheltered within Praia do Tofo coastal bay. Moderate currents flow
from north to south along the coast allowing for the development of branching hard corals, such
as Tubastrea micranthus (green tree coral), as well as soft corals such as Dendronephthya spp.
(branching soft coral). Depth at reefs ranged between 18 and 30 m. Based on its close proximity
to Praia do Tofo and depth, this location is heavily trafficked by recreational divers and
fisherman.
The central soft bottom site ranging from 14m to 18m depth is located on the leeward side of
Tofino Point, approximately 5km south of Praia do Tofo. The site is an established feeding
location of R. typus, M. birostris, and M. alfredi, and frequently visited by recreational
snorkelers. Hereafter, this region is referred to as a whale shark hotspot (WSH).
The southern reefs are dominated by rocky substrate and soft corals, such as Lobophytum
spp. (leather coral), Sarcophyton spp. (fleshy soft coral), and Dendronephthya spp. (branching
soft coral). The reefs are located approximately 20 km south of Praia do Tofo and at a depth of
18-27m.
Satellite Imagery and Analysis
MODIS-Aqua satellite Level 2 images were obtained from the NASA Goddard Space Flight
Center (GSFC) Ocean Color data (https://oceancolor.gsfc.nasa.gov). All images within the
sampling period were assessed for cloud contamination. Data were processed using SeaDAS
v7.4 and re-projected with a 1km spatial resolution.
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Nutrient Analysis
Samples for inorganic nitrogen (NO2, NO3, and NH4), phosphorous (PO4), iron (Fe) and
silica (Si) analysis were filtered through GF/F using gentle vacuum and collected in water quality
sterile sample bags (VWR # 89085-546) and frozen. Nutrients where analyzed at the Wetland
Biogeochemistry Analytical Services at LSU. Ammonium, nitrate + nitrite and orthophosphate
concentrations were determined using standard auto analyzer techniques (EPA 353.4, EPA 350.1
and EPA 365.5). Dissolved inorganic nitrogen (N) was calculated as the sum of nitrate, nitrite
and ammonium concentrations, and dissolved inorganic phosphorus (P) was considered equal to
the orthophosphate concentration. Fe and Si was analyzed by ICP-OES using standard methods
(EPA #200.7). Quantification limits were 0.1µM for nitrate, 0.2µM for nitrite, 0.1µM for
ammonia, 0.04µM for phosphate, 0.012mg L-1 for silica, and 0.007mg L-1 for iron.
Sampling
Plankton surveys along the coast of Praia do Tofo were designed to investigate the temporal
and spatial patterns of DA-producing PN abundance. Sampling occurred opportunistically in
conjunction with Peri-Peri Divers. Each region was sampled approximately once per week
within an 11 week period, however weather and access limited sampling events (site-specific
sampling dates listed with Table A.1). Nine different sites were visited within the four regions
(Figure 3.2). Samples were collected as the boat drifted above the reef site. Physiochemical
parameters were recorded at GPS waypoint markings at the beginning of each sample collection.
Measurements were recorded using YSI ProDSS multiparameter water quality meter (model
#626870-1, #627150-4); parameters included temperature, conductivity, and dissolved oxygen
(DO). Calibrations for conductivity and DO were completed prior to each use. Weather activity,
wind direction, percent cloud cover and surface activity (Beaufort scale) were also recorded
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(Table A.1). Wind data were gathered from World Meteorological Organization station #67323
located at the Inhambane Airport (FQIN).
Sequential 5L discrete samples were collected at a depth of 5m (General Oceanics Model
1010). Approximately 30 ± 5.1 L of water was collected during each sampling event (Table A.1).
Samples were gently poured through consecutive 80 µm mesh (i.e. zooplankton fraction) and 36
µm mesh (i.e. phytoplankton fraction). I used a 36 µm mesh to target PN cells for particulate
domoic acid (pDA) analysis. An 80 µm size mesh was used to separate zooplankton from PN
cells based on the assumption that PN cells would pass through, however microscopic
verification confirmed most cells were captured within the small fractionation.
Once all collected water had passed through the column, the particulate matter from
80 µm and 36 µm (hereafter referred to as “zooplankton” and “phytoplankton” respectively) was
collected and transported with ice packs to All Out Africa Marine Research Station for
processing and preservation. Subsamples of phytoplankton (duplicate) and zooplankton (single)
for particulate DA (pDA) were filtered onto 25 mm glass fiber filters (GFF) and frozen for future
processing. A subsample of the phytoplankton fraction was preserved with acidified Lugols and
used to determine PN abundance using the Utermöhl method (Utermöhl 1958).
Pigment Analysis
Phytoplankton productivity was determined by the concentration of chlorophyll a (chla)
concentration. Duplicate samples were filtered through glass fiber filters (GF/F) under gentle
vacuum. Filters were frozen and stored for photopigment analysis by high performance liquid
chromatography (HPLC) following the method from Pinckney et al. (1996) at the HPLC
Photopigment Analysis Facility at University of South Carolina. Filters were sonicated in 3mL of
100% acetone for 30 seconds and extracted in the dark for 20 to 24 hours at -20°C. Extracts were
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filtered through 0.2µm and 300µL injected into an HPLC system equipped with reverse-phase
C18 columns in series (Rainin Microsorb-MV, 0.46 ×10cm, 3mm, Vydac 201TP, 0.46 × 25cm,
5mm). A nonlinear binary gradient adapted from Van Heukelem et al. (1994) was used for
pigment separations. Solvent A consisted of 80% methanol and 20% ammonium acetate (0.5M
adjusted to pH 7.2), and solvent B consisted of 80% methanol and 20% acetone. Absorption
spectra and chromatograms were acquired using a Shimadzu SPD-M10av photodiode array
detector, where pigment peaks were quantified at 440nm.
Particulate Domoic Acid Analysis
Particulate DA (pDA) was assessed by Biosense ASP ELISA (Amnesic Shellfish Poison,
enzyme-linked immunosorbent assay) (Biosense #A31300401) using the protocol described in
Del Rio et al. (2010), Baustian et al. (2018), expressed as pg pDA L-1. Samples were extracted
using 20% methanol and sonicated, and cell debris was removed. Plates were read using
Thermo Varioskan Flash spectral scanning multimode reader and SkanIt Software version 2.4.1.
Toxin concentrations (pDA) were calculated using a non-linear 4-parameter logistic curve fit
provided by Abraxis (Abraxis, Inc, Warminster, PA). Detection limit was 9.33 ±1.1 pg DA mL-1
across the analyzed plates; concentrations below detection limit were reported as zero.
Statistical Analysis
Multivariate analyses were performed using SigmaPlot (version 14). Distinct one-way
analysis of variance (ANOVA) for temperature, dissolved oxygen and salinity parameters were
used to identify differences between regions. I also used a Mann-Whitney t-test to analyze these
data sets by values recorded before and after July 14th, 2018 to assess the effect of upwelling.
Pearson correlations for physiochemical and biological variables in surface water throughout the
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study were tested (Table 3.1). Significance was defined as a p value < 0.05. Principle component
analyses (PCA) were performed to characterize the relationships between physiochemical
parameters (temperature, salinity, and nutrients) and biological parameters (chlorophyll a, PN
cell counts, and domoic acid).
Table 3.1. Pearson correlation for physiochemical and biological variables over study period
(May - August 2018). Values in bold with an asterisk are significant at α = 0.05.

Temp

Temp

Salinity

NO3

NH4

PO4

Si

N:P

N:Si

Si:P

Chla

pDA

1
Salinity

-0.608*
1
NO3

0.0105
0.0935
1
NH4

0.113
-0.341*
-0.0475
1
PO4

-0.174
0.396
0.513*
-0.215
1
Si

-0.0116
-0.0609
0.0225
-0.0749
-0.0561
1
N:P

0.174
-0.489*
-0.0590
0.918*
-0.511*
-0.0160
1
N:Si

-0.00731
-0.129
0.121
0.794*
-0.0249
-0.610*
0.681*
1
Si:P

0.0954
-0.283
-0.164
0.0499
-0.489*
0.878*
0.256
-0.499*
1
Chla

-0.562*
0.271
0.209
0.190
0.154
-0.270
0.156
0.431
-0.301
1
pDA

-0.558*
0.574*
-0.0545
-0.373
-0.0233
0.0415
-0.319
-0.278
0.0207
0.111
1
PN Cells

PN
cells
-0.348
0.164
0.0788
0.335
-0.0320
-0.140
0.322
0.459*
-0.120
0.863*
-0.0111
1

Results
Environmental Parameters
No significant difference in temperature (p = 0.81), DO (p = 0.76), or salinity (p = 0.75) was
observed between regions, therefore environmental conditions were assumed to be similar
throughout the study area. Between July 14-19, 2018, a significant decrease (p < 0.001) in
subsurface temperature (T) was observed. Also during this time, there were strong southerly
winds, which shifted to strong northerly winds, a change in direction that would induce winddriven coastal upwelling. This event seemed to have an apparent effect on nutrients and
biological parameters, therefore is hereafter referred to as a major upwelling event (MUE). Slight
trends in nutrients reflected this theory, primarily observed with a decreased N concentration
following the MUE (p = 0.124). This decrease likely reflects the uptake in nutrients by increased
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primary productivity, which also saw a significant increase (p < 0.001) in chla following this
period.
Satellite Imagery
A total of 9 cloud-free MODIS images between May 20, 2018 and August 15, 2018 were
obtained and used to identify the presence of coastal upwelling, cyclonic and anticyclonic eddies,
and coastal fronts. An image from July 28, 2018 revealed the occurrence of localized
productivity along the coast of Inhambane Province (Figure 3.3). The circular nature
(approximately 100km in diameter) and clock-wise rotation of the the chla feature suggest the
existence of a cyclonic eddy. The feature is not apparent in the corresponding SST image,
however that could be due to the daytime warming of the surface layer (<1m) measured by
satellite sensors. The measurement of SST is confined to 1m whereas chla a can extend deeper.

Figure 3.3. Sea surface temperature (SST) and chlorophyll a (chla) images
from 28 July 2018 at 13:15 LST reveal the occurrence of a cyclonic eddy
along the coast of Inhambane Province. Estimate of chlorophyll a inferred
from MODIS Aqua image produced using SeaDAS with NASA standard
algorithms.
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The cyclonic eddy could have begun to impact the adjacent coastal system several days prior,
however cloud contamination prevented observation (Blondeau-Patissier et al. 2014).
Pseudo-nitzschia Abundance
Cell concentrations ranged from 1 – 528 cells L-1 and did not correspond to pDA
concentration (Figure 3.4). The highest value was recorded on August 6, 2018 in the central
region corresponding with the highest recorded productivity. The concentrations across the study
region was 33 ± 33 cells L-1 (n=33) throughout the season. Prior to the MUE, cell concentrations
averaged 28 ± 34 cells L-1 (n=17), and exhibited a 0.37 fold increase to 38 ± 32 cells L-1 (n=16)
following the MUE.

Figure 3.4. Pseudo nitzschia spp. cell abundance and pDA from
phytoplankton fraction.
Among individual regions, the northern region had the lowest concentration of cells (average
16 ± 15 cells L-1, n=7) and exhibited a 3.89 fold increase in concentration following the MUE
(prior average 6 ± 5 cells L-1, n=4; post average 30 ± 12 cells L-1, n=3). The central region
experienced the highest incerase (9.93 fold increase) in cell abundance following the MUE (prior
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average 5 ± 5 cells L-1, n=4; post average 54 ±49 cells L-1, n=6). Both the southern region and
the WSH exhibited a decrease (-0.44 and -0.21 fold change, respectively) in PN spp. abundance
following the MUE. Averages for these regions prior to upwelling were 49 ± 42 cells L-1 (n=7)
and 44 ± 27 cells L-1 (n=2), respectively and following the MUE decreased to 27 ± 27 cells L-1
(n=4) and 35 ± 18 cells L-1 (n=3), respectively.
Light microscopy revealed the presence of at least three species within the study area (Figure
3.5). Distinguishing characteristics of these types included variable width, shape, and length.
One type (Figure 3.5 A/B) had a width of 3 µm and a short lenth (>100 µm). Another type
(Figure 3.5 C/D/E) had a similar length (>100 µm), but a width of 5µm. The third type (Figure
3.5 F/G) was distinguished by the very long cell shape (200+ µm) with finely pointed ends and a
width of 5µm.

Figure 3.5. Light microscopy revealed at least three species of Pseudo-nitzschia spp. present in
samples from coastal Inhambane Province based on width and shape.
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Particulate DA
During the sampling period, pDA was detected in 79% of phytoplankton samples and 74% of
zooplankton samples with a range of 0.166 to 8.33 pg pDA L-1 and 0.102 to 5.05 pg pDA L-1
respectively (Figure 3.6). The highest total concentration of 11.7 pg pDA L-1 was observed on
July 27, 2018 at the whale shark hotspot region.

Figure 3.6. Particulate DA concentrations measured along the coast of Praia do Tofo
during the austral winter months in 2018.
There was a 2.11 fold increase of pDA following the MUE (Figure 3.6). Prior to the MUE,
combined pDA concentrations averaged 0.903 pg L-1 (70% detected, n=20). All samples
following the MUE (n=15) had detectable pDA with a total concentration of 4.02 pg L-1. All
regions experienced a similar trend (Figure 3.7), with the reef regions having a greater increase
in pDA compared to the whale shark hotspot (WSH) region. The northern reefs experienced a
9.13 fold increase from 0.484 ±0.92pg L-1 (40% detected, n=5) to 4.91 ±1.3pg L-1 (n=4). The
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central sites experienced a 3.56 fold increase from 0.507 ±0.48pg L-1 (80% detected, n=5) to 2.31
±0.44pg L-1 (n=6). The southern reefs experienced a 9.2 fold increase from 0.377 ±0.97pg L-1
(71% detected, n=7) to 3.84 ±1.0pg L-1 (n=3). All samples (n=5) at the WSH region measured
detectable levels of pDA during the sampling period and experienced a 1.21 fold increase from
2.70 ±1.5pg L-1 (n=2) to 5.96 ±4.9pg L-1 (n=3) following the MUE.
The percentage of pDA concentration measured within the two size fractions varies among
regions (Figure 3.7). The zooplankton fraction (>80 µm) comprised an average of of 69%
(±25%) of measured pDA (n=6) among the northern reefs. The proportion of pDA measured
within the zooplankton fraction at the central (n=9) and WSH (n=5) regions were similar with an

Figure 3.7. Particulate DA concentrations separated by regions, A) north reefs B) central
reefs C) whale shark hotspot and D) south reefs. Dashed line identifies when upwelling
event occurred.
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average of 47.0% (±25%) and 49.6% (±20%) respectively. The southern reefs had the lowest
proportion of zooplankton pDA being 39.6% (±21%, n=9).
Principle Components
Principle components analysis (PCA) identifying the first two axes accounted for 56% of the
total variance between physiochemical and biological parameters (Figure 3.8). Chlorophyll a
(chla) and Pseudo-nitzschia spp. (PN) are both positively influenced within the system.

Figure 3.8. Principle component analysis (PCA) variable factors from May to
August 2018 defined by the two first axes showing the link between
physiochemical parameters, chla, pDA and Pseudo-nitzschia spp. abundance.
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Abundance of PN was also positively correlated with N:Si ratio, which is expected because N
tended to be limiting in the environment and Si is a required nutrient by diatoms. In contrast, Si
is negatively influenced within the system and negatively correlated to high phytoplankton
biomass (chla and PN abundance) due to high diatom growth. pDA was most closely related to
phosphorus and salinity, suggesting that pDA concentration is positively influenced by these
elements. Salinity is known to have a positive effect on DA (Bargu et al. 2016, Van Meerssche &
Pinckney 2017), however these studies took place in areas with high freshwater input, unlike
coastal Inhambane Province, which stayed relatively constant throughout the study period.
Therefore, I concluded that salinity does not have an influence on pDA in this region. PCA
analysis suggests that pDA is negatively influenced by the N:P ratio, or rather when N is high,
causing the N:P ratio to be low, pDA is higher. From PCA analysis, it is difficult to distinguish
whether the positive influence of P or negative influence of N:P ratio has a greater effect on
pDA, however given that N is typically limiting within the system, the ratio of these nutrients
may play a large role in DA concentration. Temperature and ammonia (NH 4) did not seem to
have a clear relationship with DA production or chla concentration.
Individual factors by region revealed slight variations (Figure 3.9). Central reefs were
positively controlled by principle component (PC) 1 and the WSH region was more positively
controlled by PC 2. Both northern and southern regions were negatively influenced by PC 2,
however the northern region was more influenced by PC 1 than the southern sites.
Discussion
Attention to PN has increased over the last few decades due to their production of the
neurotoxin, domoic acid, which has the potential to cause harm to human health and the
environment. On a global scale, DA has been particularly prevalent among eastern boundary
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Figure 3.9. PCA individual factors by region as a function of
physiochemical and biological parameters.
systems and in temperate climate regions where upwelling of nutrients promote toxicity (Trainer
et al. 2008, McCabe et al. 2016). Long-term monitoring has revealed increases in community
dominance by PN and increased toxicity under warming global climate conditions and increased
nutrients from terrestrial sources (Anderson et al. 2010, Lundholm et al. 2010, Trainer et al.
2012, Rhodes et al. 2013, McCabe et al. 2016, Smith et al. 2018). There has been a recent
emergence of DA contamination of shellfish fisheries within WBS such as Argentina (Almandoz
et al. 2007, D'Agostino et al. 2017), Uruguay (Méndez et al. 2012), Brazil (Fernandes &
Brandini 2010), New Zealand (Rhodes et al. 2013), as well as South Africa (Pitcher et al. 2014),
supporting the trend for increased spatial extent of this HAB species. This study documents the
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first occurrence of a biotoxin along the coast of Mozambique and the first documentation of DA
along the eastern Africa within a subtropical WBS.
The variability in DA concentration could be linked to the intensity of upwelling events.
Northerly winds along the coast of Inhambane Province appear to create upwelling-favorable
conditions, which likely provide year-round sources of small-scale nutrient pulses. These
localized upwelling processes could explain the year-round detection of toxin within the
preliminary study. The peak concentration in 2018 occurred on 27 July 2018, following a winddriven upwelling event and aligned with a cyclonic eddy identified using ocean color satellite
imagery (Figure 3.3). Preliminary data during 2017 also revealed a peak in mid-May aligning
with the beginning of austral winter. Upwelling is known to play an important role in the
production of DA, most notably along the western coast of the United States (Trainer et al. 2000,
Trainer et al. 2002, McCabe et al. 2016, Smith et al. 2018), but in these areas, PN exhibits a
seasonal bloom during the spring transition into summer. In Mozambique, cyclonic eddies are
known to occur during austral winter (Lamont et al. 2014), as opposed to spring along the
California coast (Anderson et al. 2006). During this sampling, it appeared that that coastal
upwelling increased pDA concentration along Inhambane Province, however other systems with
established monitoring programs exhibit spatial and temporal variation in DA concentration
(Trainer et al. 2002, Husson et al. 2016, Shanks et al. 2016). Therefore to further understand
these processes and variation, long-term continued monitoring is needed to fully assess the
seasonality of DA concentration along the coast of Inhambane Province.
While the overall concentrations within this study period are low (0.62 pg pDA L-1 – 11.71
pg pDA L-1), toxin has been detected year-round (Errera, personal communication). The watersoluble nature of the toxin prevents DA from accumulating within the ecosystem without a
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source of production (Wohlgeschaffen et al. 1992, Quilliam et al. 2006). In areas where DA is
known to occur with a seasonal bloom, monitoring is focused during bloom periods because the
ecosystem is exposed within a shorter window. However along Inhambane Province, there could
be concern for chronic exposure to the ecosystem and possibly human health, which has been
shown to cause declines in cognitive function to the central nervous system (Hiolski et al. 2014,
Ferriss et al. 2017, Lefebvre et al. 2017). This study only focused on quantifying particulate DA
within plankton samples and further investigation into vector organisms is needed to assess the
threat of chronic DA exposure to the ecosystem.
DA concentration was found to be positively related to P concentration and negatively
associated with ambient N:P ratios, suggesting higher DA concentration under greater
phosphorus-limited conditions consistent with prior studies (Pan et al. 1996). Another previously
explored aspect to this relationship suggests a restriction of DA production under nitrogen
limited conditions resulting from an insufficient pool of cellular free N for synthesis of the
nitrogenous toxin (Pan et al. 1998). However, studies with multiple species of PN reveal various
growth responses to nutrient ratios (Hu et al. 2008), suggesting a more complex relationship with
nutrients is species-specific.
Concentration of DA did not correspond to abundance of PN, similar to previous studies
(Sekula-Wood et al. 2011, Husson et al. 2016, Bates et al. 2018), which suggest both cell
abundance and toxin concentration must be included in monitoring efforts. High variance in cell
abundance suggests high day-to-day fluctuations within the study site. High variability could
also be the result of low sampling volume or low abundance overall within the system.
Increasing the volume of water collected could help with this variance in abundance. During
preliminary DA sampling, only 175 mL of water was collected for analysis. In efforts to best

84

quantify toxin concentration, the volume processed was increased to an average 4.5 ±1 L during
this study, however recorded concentrations were similar in magnitude, suggesting the increased
processing volume did not increase DA detection sensitivity. Cell counts were not conducted
during preliminary sampling, however it is likely that larger processing volume is helpful in
quantifying PN cells.
Based on light microscopy identification of PN spp. cells, at least three species of PN were
suggested simultaneously present along the coast of Inhambane Province. Based on prior reports
of P. multiseries, P. pungens, P. cuspidate, and P. seriata along the eastern coast of Africa
(Lugomela 2013, Pitcher et al. 2014), these species are likely to be similar, however difinitive
identification of PN species is based upon variations in frustule morphology and require the use
of electron microscopy (Trainer et al. 2008). Thorel et al. (2017) has demonstrated the
importance of identifying species-specific influences to DA production, noting that
simultaneously occurring species are affected by different conditions. Based on light microcopy
measurements of cell length and width (Trainer et al. 2008, Pitcher et al. 2014, Almandoz et al.
2017), these species are suggested to be similar to Pseudo-nitzschia multiseries (Figure 3.5 A/B),
P. australis (Figure 3.5 C/D/E), and P. turgidula (Figure 3.5 F/G). All three species have been
recorded as toxin producers, however P. multiseries is known to be a highly toxic species
(Trainer et al. 2008).
Along the coast of Inhambane Province, the highest toxin concentration was observed in the
whale shark hotspot, a common area for aggregations of Rhincodon typus, Manta alfredi, and M.
birostris (Rohner et al. 2013b). On average, half the pDA concentration was measured within
the zooplankton fraction, providing evidence for toxin bioaccumulation within a region of high
importance for reoccurring megafauna. With sightings of these megafauna being the main driver
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of ecotourism in the area (World Bank 2006, Tibiriçá et al. 2011, Haskell et al. 2015, Venables et
al. 2016), further assessment of toxin trophic transfer is needed to understand and manage for
ecosystem health.
Overall there were slight variations between the four regions in DA concentration and PN
cell abundance with the largest differences being between the North and South regions. As seen
in other systems (Trainer et al. 2002, Negri et al. 2004, Fehling et al. 2006, Sekula-Wood et al.
2011, Downes-Tettmar et al. 2013, Husson et al. 2016), cell concentrations did not correspond to
toxin concentrations. For example, prior to the MUE, the southern reef area had a high
abundance of PN cells, but decreased in average cell concentration following the MUE, at the
same time as the cell decrease pDA increased by 920% (Figure 3.7). In contrast, following the
MUE, both cell concretion and pDA in the northern reefs increased significantly. The northern
reefs are absent of large planktivores, however could be a potential first colonizing reef site for
juvenile fish since it is closest to the estuary and is an area commonly fished by local fishermen.
Differences in pDA between phytoplankton and zooplankton proportions among regions
indicate potential differences in accumulation processes within the food web. Specifically, a
greater proportion of pDA sampled within the northern region was measured in the zooplankton
fraction compared to the southern region. One explanation for lower cell abundance in the north
could be explained by the presence of grazers feeding upon PN spp. causing cell counts to be
low. Small zooplankton feeding upon toxic diatoms are able to accumulate toxins (Bargu et al.
2003, Harethardottir et al. 2015, Bates et al. 2018), posing a threat to higher trophic levels, which
suggests that while concentrations in this region are low, there could be a higher potential for
biomagnification. Prior studies have also documented the ability for copepod grazers to induce
toxin production (Bates et al. 2018, Lundholm et al. 2018), possibly accounting for the higher
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concentration of DA, however in order to assess this interaction, further studies would require
the quantification of zooplankton grazers and feeding experiments using cells from the area.
When assessing the impact of DA within the food web, it is important to identify potential
vector species and the bioaccumulation dynamics leading to biomagnification within the food
web. The coastal waters of Inhambane Province are an important biodiversity hotspot for
megafauna and fishes, which the community depends on for a source of tourism, recreation and
livelihood (World Bank 2006, Rohner et al. 2013b, Fordyce 2018, World Bank 2018a). Using
fatty acid analysis, whale sharks and manta rays off the coast of Mozambique have been found to
primarily feed on mysids, shrimp (sergestids), copepods, and myctophid fishes (lantern fish)
(Couturier et al. 2013, Rohner et al. 2013a), suggesting that not only do these creatures feed at
the surface, but also in bathypelagic waters. The high content of mysids suggests that these
planktivores extensively feed at night, when these zooplankton are known to vertically migrate to
surface waters. Therefore, further studies are needed to access diel migrating zooplankton and
their role as potential vectors. In addition to demersal zooplankton, benthic bottom feeders are
especially important for their role in enhancing food capture by resuspending fallen matter back
into the food web (Gili & Coma 1998). Prior studies have found DA to affect benthic food webs
(Parsons et al. 2002, Kvitek et al. 2008, Baustian et al. 2018). My study along Inhambane
Province identified DA within the water column directly above highly diverse coral reef habitats.
Changes to mesoscale processes affecting environmental conditions and nutrient transport are
predicted to occur within the Southwestern Indian Ocean (Backeberg & Reason 2010, Behagle et
al. 2014), possibly impacting the factors influencing PN assemblage dominance and pDA
concentration. The Indian Ocean is warming faster than any of the other global oceans and will
likely have profound effects on surrounding coastal communities (Hermes et al. 2019). Annual
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variability in monsoon events are predicted to intensify and become more frequent. Monsoon
events affect Mozambique in late austral Summer (January – March), including Cyclone Favio in
February 2007 and Cyclone Dineo in 2017 affecting Inhambane Province. These events have
shown to increase productivity in the Northern Indian Ocean (Madhu et al. 2002) and south of
Madagascar (Uz 2007). Increased nitrate during monsoon season have shown to promote PN
booms in Tanzania (Hamisi & Mamboya 2014), however cyclones are a relatively recent threat
to southern coastal systems, have not been studied along the coast of Mozambique. Warming is
predicted to have slowed effects on the Indian Ocean Dipole, which accounts for interannual
variability in rain fall and is likely to contribute to decreased rainfall (Saji et al. 1999). Overall,
rainfall in southern Africa is expected to become less frequent, but increase in intensity (Usman
& Reason 2004). These processes are likely to affect coastal systems with decreased terrestrial
runoff. Although it is important to note that increased rain intensity has promoted harmful
cyanobacteria along coastlines in Tanzania (Lugomela et al. 2002).
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Chapter 4. Concluding remarks on plankton community dynamics effect on
Pseudo-nitzschia spp. and domoic acid: implications for ecosystem and human
health
Summary
The data collected during the austral winter in 2018 reveal that the Inhambane coastal region
is a well-mixed system with dynamics that support a high biodiversity along Inhambane
Province. The system is primarily driven by localized wind-derived upwelling as a source of
nutrient input into the oligotrophic coastal system. Here I present findings that nitrogen (N) is the
primary driver of phytoplankton dynamics based on low inorganic nutrient ratios. These types of
nutrient dynamics support a diatom-dominant community, known to energetically enhance
diverse trophic webs. A key shift in the phytoplankton community occurred in late July when
upwelling-favorable wind conditions corresponded to elevated chlorophyll a (chla)
concentrations, increased assemblage dominance of Pseudo-nitzschia spp. (PN) and increased
concentration of neurotoxin domoic acid (DA) within the system. Principle component analysis
highlighted the positive relationship between pDA and phosphorus (P) and negative relationship
between pDA and N:P ratio, suggesting that overall DA concentration increases with either the
limitation of P within the environment, the addition of N, or a combination of these two
processes regulates toxin concentration. Slight variations in nutrient profiles, pDA, and PN
abundance are noted among the four sampled regions suggesting factors influencing biotoxin
concentration are complex and vary by location-specific environmental dynamics and species.
As the first documentation of DA along the coast of east Africa, this study highlights the need for
a continued and comprehensive toxin monitoring program to further assess ecosystem and
human health impacts.
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The variation among the four regions seen in the nutrient dynamics and biological diversity
could be small-scale evidence for support of the intermediate disturbance hypothesis (IDH) (Dial
& Roughgarden 1998), which states that highly diverse systems are most stable with moderate
disturbances. In the case of my study, upwelling acts as a physical disturbance driving nutrient
input, promoting diversity within the coastal system. The estuary within Baía de Inhambane is
low-flowing and tidally influenced (Reeve-Arnold, personal communication), therefore is not a
significant contributor of nutrients to the coastal reef systems. This idea could explain the lower
diversity among the north reefs, which is suggested to have less physical disturbance based on
the deeper nature of the water column compared to the regions further south and the further
proximity to shore (Hanson et al. 2005). In contrast, the WSH is located within close proximity
to shore with little to hard benthic structure, resulting in more turbid water conditions favored by
diatoms (Margalef 1978, Estrada & Berdalet 1997). In this region, the apparent dominating
nature of PN is supported by this theory that high disturbance facilitates competitively dominant
species (Smith et al. 2018). The potential seasonal peaks in DA within the system (Figure 4.1),

Figure 4.1. pDA measured along Inhambane Province between January 2017 - August 2018.
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suggest that bioaccumulation within the food web could have a seasonal signature impacting
local coastal predators when conditions favoring DA production are reached.
The IDH theory suggests that moderately disturbed systems are better fit to recover from a
disturbance. The presence of a HAB species can disturb food web structure, through shifts in
food preferences (Bargu et al. 2003, Harethardottir et al. 2015, D'Agostino et al. 2017).
Copepods, found to be a significant component to mesozooplankton assemblage, are known to
selectively feed on non-toxic species of PN when community diversity lends the opportunity
(Olson et al. 2006), i.e. when the assemblage is diverse, copepods will feed on non-toxic species.
The north region was lowest in diversity (Table 2.2) and had the highest toxin concentration
within the zooplankton fraction (Figure 3.7), suggesting the low diversity was effected by the
disturbance of toxic PN in the area resulting in higher bioaccumulation of DA. However,
pigment analysis showed that PN spp. was not the dominant diatom within the system, therefore,
the zooplankton could be experiencing an ecological trap (Dwernychuk & Boag 1971, Ratti &
Reese 1988), feeding on the emerging toxic diatoms while it negatively effects their fecundity
(Lincoln et al. 2001). This warrants further study to investigate the grazing behavior of
zooplankton to accurately make accumulation predictions.
The high biodiversity along Inhambane Province is an indicator that this area receives a
relatively steady source of nutrients to support higher trophic levels. Mozambique is unique from
other western boundary systems (WBS) which typically have a wide, shallow continental shelf
and are less productive than eastern boundary systems. Mozambique has a narrow, steep shelf
particularly along Inhambane Province, which allows access for deep, nutrient-rich water to
become upwelled into coastal waters (Lutjeharms & Stockton 1991). The biological impact of
upwelling has been found to be a function of geographical location, primarily with respect to the
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width of the continental shelf and the strength and duration of upwelling-favorable winds (i.e.
intensity of upwelling) (Hanson et al. 2005). Cool waters with elevated chlorophyll a were
observed along Inhambane Province during the study period in response to strong, upwellingfavorable wind conditions, which supports the idea that the geographical location (narrow, steep
shelf) and upwelling-favorable winds are the foundation for the biodiversity of this area. The
combination of these types of biophysical factors present along Inhambane Province support
increased biodiversity, which has been shown in other oceanic systems to support a higher
abundance of megafauna (Sleeman et al. 2007).
Southern Mozambique is home to the largest aggregations of juvenile male whale sharks
(Rohner et al. 2013b). Rhincodon typus (whale shark) is known to globally occur in frontal and
boundary currents (Colman 1997, Eckert & Stewart 2001, Wilson et al. 2001, Duffy 2002,
Rohner et al. 2013b), where primary productivity is enhanced by these physical dynamics.
Mozambique is unique in regards to the year-round nature of R. typus sightings (Rohner et al.
2018). Other R. typus hotspot areas typically have a seasonal component that aligns with
seasonal productivity. Other planktivores such as Manta alfredi are common residents yearround and are more frequently seen when there is a prevailing poleward current (Rohner et al.
2013b), which is a feature of upwelling-favorable conditions. Being a resident species, M. alfredi
is more likely to exhibit selective behavior in response to local conditions and take advantage of
enhanced productivity, similar to the Ningaloo Reef (Sleeman et al. 2007). These local trends are
more difficult to correlate to the behavior of highly migratory species such as R. typus, however
satellite tagging has revealed a preference for cooler shelf waters with higher chlorophyll a
(Rohner et al. 2018). Photo identification and genetic data has suggested that individuals
frequenting aggregation sites along Mozambique are part of a mixed population within the
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Western Indian Ocean and Arabian Gulf (Prebble et al. 2018), suggesting that trends along
Inhambane Province have larger implications for the species.
Rhincodon typus is listed as a globally threatened species by the IUCN with a decreasing
population (Pierce & Norman 2016). Global analysis of coastal upwelling has predicted the
coastal waters of Southern Mozambique to warm with global climate changes (Varela et al.
2018), which could have an impact on the habitat preference of the species. Decreases in
sightings along Southern Mozambique have been suggested to be related to foraging activities
(Rohner et al. 2018) and could be impacted by the warming prediction. Other areas of the Indian
Ocean have reported declines in R. typus sightings (Theberge & Dearden 2006, Bradshaw et al.
2008, Rowat et al. 2009b, Sequeira et al. 2013), which have been linked to climatic warming
predictions.
Suggesstions for Future Work
The results of the present study are informative for understanding the environmental factors
and nutrient dynamics that promote toxic Pseudo-nitzschia spp. blooms along the coast of
Inhambane Province. The next step could consist in providing scenarios for ecosystem-based
management of nutrients as the coastal system further develops and developing early warning
tools for potential increases in DA. Predictive models have been previously developed for
Pseudo-nitzschia spp. blooms in other ecosystems (Blum et al. 2006, Anderson et al. 2009, Lane
et al. 2009, Cusack et al. 2015) and similar models for the coastal ecosystem of Inhambane
Province could predict the probability for a toxic bloom based on environmental predictor
variables. The development of these models would require continued and comprehensive data
collection and monitoring including PN abundance, plankton assemblage diversity, pDA
concentration, and physiochemical data. The development of such a model would be a valuable
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model within a WBS influenced by localized wind-driven upwelling and mesoscale eddies and
aid in understanding the environmental factors that impact similar systems and how these
systems will change with climate.
In this study, I have documented the presence of a harmful biotoxin primarily influenced by
coastal physical dynamics, however the absence of a monitoring program in Mozambique has
created a gap in education among health professionals regarding the symptoms of toxincontaminated seafood illnesses, which could then lead to misdiagnosis. For example, malaria is a
common illness that affects coastal populations of Mozambique and exhibits similar symptoms
including headaches, nausea and vomiting, which are also common first symptoms of seafoodrelated illnesses, including Amnesic Shellfish Poisoning. In addition to monitoring efforts,
health professionals within coastal communities need to me trained to recognize symptoms of
common HAB-related seafood illnesses. Paralytic (PSP) and Diarrhetic Shellfish Poisoning
(DSP) are common in South Africa (Pitcher & Calder 2000) and Ciguatera Fish Poisonings
(CFP) are commonly reported along Madagascar and surrounding islands within the
Southwestern Indian Ocean (Bouaïcha et al. 2001, Puech et al. 2014, Diogene et al. 2017,
Tamele et al. 2019). In addition to PN found along Inhambane Province, other toxin-producing
species were present within the plankton assemblage (Table A.5), such as Dinophysis spp. and
Prorocentrum spp., which produce Okadaic acid (DSP); Prorocentrum lima, which produces
Ciguatoxins (CFP); Protoperidinum spp., which produces Azaspiracids; and Alexandrium spp.,
which makes saxitoxin (PSP). The Indian Ocean is known for endemic production of ciguatoxins
and other derivatives (Tamele et al. 2019), and yet the plankton dynamics associated with these
toxins are understudied. Mozambique’s extensive coastline has the potential for these toxins to
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emerge, however further ecosystem monitoring is needed to understand the nature of plankton
assemblage dynamics that promote the toxic nature of these species.
I was able to identify slight variations among the regions within my study area, but unable to
determine if this variation is actually between these regions or simply day-to-day variations
within the system. My study was limited by the access to sampling sites based on vessels of
opportunity. This allowed me to identify slight variations among the regions, with large variation
within and among sites. To further identify spatial variation with regards to plankton and nutrient
dynamics, future studies should expand to include sampling in all regions and multiple sites
within each region on the day of sampling. Sampling multiple regions on the same day, will help
reveal if this variation is primarily temporal (day to day) or spatial (site-specific or regionspecific). Increased sampling could also reduce variation at sites within regions and eliminate the
day-to-day variation within the plankton community that limited the analysis during my study.
Additionally, this study would benefit from additional sampling within summer months to
identify seasonal shifts in plankton dynamics and provide further understanding on drivers of
productivity during the wet season when terrestrial runoff would increase. This information
would enhance the ability to create nutrient-based ecosystem management suggestions for
coastal systems, helping to sustain healthy ecosystems as development of Mozambique
continues. Remote sensing can provide time-series observations along this extensive undersampled coastline to aid in the understanding of linkages between the wind-driven coastal
upwelling physical, chemical and biological processes.
Ideally, further field studies along this coastline would include preferred sampling days to
coincide with the passover times of ocean-monitoring satellites, such as NASA’s MODIS-Aqua
satellite and Suomi VIIRS (as examples), to create datasets able to be used to create and verify
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algorithms used in ocean color satellite-derived data. Remote sensing is a powerful tool used to
study remote areas and expand temporal inferences through available access to long term
datasets and has been used to monitor and model HAB events within aquatic systems worldwide
(Anderson 2009, Hu 2009, Hu et al. 2010a, Hu et al. 2010b, Klemas 2011, Zhang et al. 2014).
However, these images need to be combined with in-situ data to correct for variation in
reflectance along the shallow shelf regions and other optical interferences, such as color
dissolved organic matter (Tilstone et al. 2013, Zhang et al. 2014). In pelagic systems, drifting
ARGOS floats provide this data used in calibration, however these drifting floats are limited in
data along coastal systems. Reflectance corrections require additional sampling collection of
hyperspectral properties including hyperspectral reflectance (Rrs) and fluorometric pigment
signatures throughout the water column. Specific algorithms created for coastal Inhambane
Province would be used to correct and validate satellite images allowing for remote monitoring
of bio-optical properties and contributing pigments in real-time and expand temporal datasets of
the coastal system. Algorithms for satellite imaging would also allow for spatial expansion of
coastal ecosystem monitoring. NASA-corrected Level 2 MODIS-Aqua images used in this study
suggested high productivity along Inhambane Province outside of the study region, including off
the coast of Praia do Zavora and within Baia de Inhambane. However, in-situ data would
distinguish if these high values were due to optical interferences such as sediments, CDOM or
shallow bottom reflectance, which can cause inaccuracies during high and low chlorophyll a
conditions.
While satellite images can be used to help identify physical and biological processes
affecting these areas, they have limitations in monitoring capabilities. Optical satellite sensors
are only capable of observing the thin surface layer, therefore phytoplankton dynamics below
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this surface layer are not captured. For example, remote sensing has expanded spatial and
temporal bloom dynamics of harmful cyanobacteria across Lake Erie, and in situ monitoring has
aided in the understanding bloom dynamics of vertically stratified phytoplankton in the water
column (Bosse et al. 2019). Along Inhambane Province, low productivity was observed in the
top 5m of the water column, however the addition of fluorometric vertical stratification of
phytoplankton over complex coral reef habitats would further the understanding of dynamics and
diversity within these habitats. In addition to understanding the plankton dynamics, toxin
concentration is not correlated with bio-optical properties, therefore in situ monitoring is the only
source of data regarding toxin dynamics within the plankton community.
The study would benefit from expansion of phycotoxin monitoring efforts in these areas. The
Baia de Inhambane is centrally located between the two largest populated cities in Inhambane
Province. Along the coast of California where HABs exhibit a strong seasonal marker,
environmental sampling processors (ESP) have aided in the remote detection of domoic acid
(Doucette et al. 2009), this technology could also be useful within Inhambane Province and aide
in expanding the temporal and spatial dataset, however this technology is costly. Implantation of
a monitoring network using solid phase adsorption toxin tracking (SPATT) bags would be a costeffective, simple in-situ method for monitoring DA and other phycotoxins within the system
(MacKenzie et al. 2004). SPATT provide a passive sampling method and an integrated snapshot
of DA in the water column which would be easily deployed and recovered.
Increases in population coupled with increasing agriculture and aquaculture practices have
left coastal communities around the world more vulnerable to nutrient pollution, increasing
coastal eutrophication and harmful algal blooms (Paerl 1997, Turner et al. 2002, Heisler et al.
2008, Lundholm et al. 2010). Coastal communities in Mozambique experiencing changes at an
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alarming rate (World Bank 2018b), and particularly has interest in developing aquaculture for
shrimp farming (FAO 2018a), which is a practice associated with nutrient increases to coastal
systems (Hamisi & Mamboya 2014). In addition to DA, increased temperatures due to climate
change and nutrient runoff from agriculture could promote growth of harmful cyanobacteria
along coastal areas, however in the absence of monitoring and education about the effect of algal
toxins, signs and symptoms of toxin contamination could be already occurring. For instance,
cyanobacteria blooms are increasing in occurrence within freshwater lake systems in South
Africa (Matthews & Bernard 2015), Tanzania (Lugomela et al. 2002, Lugomela et al. 2006), and
Kenya (Kotut et al. 2006). Within Inhambane Province, agriculture and freshwater tilapia
aquaculture have expanded in recent years at the consequence of wetland removal surrounding
the Baia de Inhambane, an important nursery habitat for larval fishes. This habitat is critical for
diversity and lack of understanding of nutrient dynamics and terrestrial runoff currently exists for
this area. Changes to nutrient loads into this system would likely result in faster change than the
nearby coastal system along Praia do Tofo, where mesoscale physical disturbances vary annually
and seasonally, compared to estuarine systems which experiences daily variations in tidal flux
and greater terrestrial water influx. The shallow and stagnant nature of this ecosystem emphasize
the potential for eutrophic conditions favored by harmful cyanobacteria blooms, which could
cause not only an effect within the estuary but also affect the recruitment of larval fishes
dependent on this habitat, leading to bottom-up decreases in fisheries abundance and
biodiversity.
Mozambique is a developing country with one of the fastest growing economies in subSaharan Africa (World Bank 2018b) following suppression of population growth due to a
prolonged civil war. As the country focuses on the enhancement of its economic independence,
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sustainable development is critical for alleviating poverty among economically unstable
communities. Roughly 94% of the poor population primarily engages in agriculture practices
(World Bank 2018b) and increases in agriculture by 50% since the early 1990’s have helped
alleviate poverty (Porter et al. 2017). Poverty is widespread among coastal communities, which
depend on coastal resources for food security and/or livelihood (Menezes et al. 2011b). The
government has identified fisheries and aquaculture as a target for economic growth, currently
these industries are constrained by lack of infrastructure, including access to clean water and
electricity for fish preservation and roads accessing rural fishing communities to markets. Nonrenewable resources markets such as offshore mineral (Lehto & Gonçalves 2008) and
hydrocarbon exploration (Nairn et al. 1991, Zhou et al. 2013), are a threat to conservation along
southern Mozambique and have high potential for rapid economic development (Yager 2015).
Increased development in these areas could lead to negative consequences to coastal ecosystems
through increased pollution including but not limited to noise pollution from seismic exploration,
marine debris from expanding coastal populations, and nutrient loading from agriculture and
aquaculture production. Mozambique has the opportunity to support current monitoring efforts
for HABs and plankton assemblage dynamics that can be used to create necessary correction
algorithms for remote monitoring by satellite and suggest best management practices to prevent
impairment to coastal communities.
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Appendix. Supplementary Data
Table A.1. Sampling data.
Location

Date

Sherwood
Robs
Robs
Giants
Reggies
Manta
Salon
Reggies
Manta
Robs
Salon
Office
Marble
Arches
Robs
Office
Giants
Manta
Manta
Office
Marble
Arches

2018-05-20
2018-05-21
2018-05-28
2018-05-30
2018-06-02
2018-06-03
2018-06-06
2018-06-11
2018-06-12
2018-06-15
2018-06-17
2018-06-21

Time
Start
10:50
8:53
8:28
8:00
11:12
11:38
8:40
11:23
8:48
8:32
14:29
11:35

Water
Temp
25.4
25.3
25.6
25.6
25.3
25
24.5
24.9
24.8
24.7
24.6
24.9

DO
(%)
100.7
100.6
101.5
101.1
102.8
102.5
102.4
100.3
100
99.8
101.1
102.3

DO
Salinity
(mg/L)
6.72 36.43
6.71 36.54
6.73 37.14
6.68 37.55
6.9
35.75
6.91 35.85
6.89 36
6.76 35.79
6.74 35.96
6.75 35.91
6.85 35.86
6.89 36.29

% Cloud
Cover
0
25
25
0
0
25
90
25
75
0
10
25

Sunny
Sunny
Sunny
Sunny
Sunny
Sunny
Raining
Sunny
Cloudy
Sunny
Sunny
Sunny

Wind
Direction
SE
SE
NE
none
N
N
S
SE
E
NE
SE
S

Condition

4
1
1
1
1
2
5
2
4
2
2
1

Total
Filtered (L)
15
27
38.4
39
32.2
34.2
34.7
32.2
26.5
32.2
32.1
28.3

Beaufort

2018-06-22 11:55 24.6

101.1 6.84

36.41

10

Sunny

N

1

32.3

2018-06-25
2018-06-29
2018-07-02
2018-07-09
2018-07-10
2018-07-11

103.3
102.6
101.2
102.2
97.5
102.3

36.44
36.89
36.4
36.49
36.4
36.51

0
25
0
50
25
25

Sunny
Sunny
Sunny
Sunny
Sunny
Sunny

NE
SE
NE
SE
SE
SE

2
3
4
5
4
3

21.2
26.5
26.2
27.1
32.5
32.5

36.4

5

Sunny

NE

1

32.4

9:52
11:20
14:25
10:30
9:39
11:14

24.7
25.3
24.7
24.2
24.1
24.6

2018-07-14 11:35 24.5

6.95
6.86
6.81
6.94
6.69
6.88

103.4 7.04

(table cont’d)
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Location

Date

Giants
2018-07-19
Reggies
2018-07-20
Giants
2018-07-23
Manta
2018-07-24
Robs
2018-07-24
Manta
2018-07-26
Chimney 2018-07-27
Giants
2018-07-30
Office
2018-07-31
Manta
2018-08-01
Marble
2018-08-03
Arches
Sherwood 2018-08-04
Giants
2018-08-06
Office
2018-08-07
Marble
2018-08-09
Arches
Giants
2018-08-10
(table cont’d.)

Time
Start
15:15
14:34
8:43
8:57
11:10
8:50
13:40
13:55
8:56
9:01

Water
Temp
23.6
23.5
23
22.9
23
22.8
23.5
23.6
22.7
22.8

DO
(%)
102.2
102.1
100.7
99
99.3
100.6
100.7
96.5
96.5
95

DO
Salinity
(mg/L)
6.96 36.5
6.99 36.56
6.95 36.73
6.92 36.69
6.87 36.71
6.98 36.73
6.93 36.64
6.65 36.57
6.72 36.53
6.6
36.44

% Cloud
Cover
75
50
25
50
75
75
10
0
0
0

Cloudy
Cloudy
Sunny
Cloudy
Cloudy
Cloudy
Sunny
Sunny
Sunny
Sunny

Wind
Direction
SE
SE
S
E
E
S
NE
N
S
N

14:12 23.3

95.1

6.56

36.55

25

Sunny

11:30 23.1
12:14 22.7
9:19 23.2

96.8
92.7
92.8

6.7
6.49
6.36

36.8
36.56
36.77

10
25
0

14:20 23.2

94.1

6.5

36.8

12:44 23

92.6

6.45

36.71
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5
4
5
3
3
1
1
2
1
2

Total
Filtered (L)
27.3
21
26.4
26.5
26.8
32.3
32.7
32.9
32.8
33.4

E

1

39.6

Sunny
Sunny
Sunny

NE
none
NE

3
1
1

27.3
22
33.3

100

Cloudy

SE

4

33.8

50

Sunny

NE

4

32.3

Condition

Beaufort

Table A.2. Subsample filter amounts.
Total (L)
Sample:
C:N
Date
Location
Replicate: A
B
20-May-18 Sherwood
15
9.6
10
21-May-18 Robs
27
16.5 14
27-May-18 Office
28
15
15
28-May-18 Robs
38.4
15
15
30-May-18 Giants
39
15
15
2-Jun-18 Reggies
32.2
3-Jun-18 Manta
34.2
15
15
6-Jun-18 Salon
34.7
16
15
11-Jun-18 Reggies
32.2
15
15
12-Jun-18 Manta
26.5
15
14.5
15-Jun-18 Robs
32.2
15
14.5
17-Jun-18 Salon
32.1
15
16
21-Jun-18 Office
28.3
15
15
22-Jun-18 Marcble Arches 32.3
16
14
25-Jun-18 Robs
21.2
14.5 16
29-Jun-18 Office
26.5
15
15
2-Jul-18 Giants
26.2
10
10
9-Jul-18 Manta
27.1
15
15
10-Jul-18 Manta
32.5
16
16
11-Jul-18 Office
32.5
15
16
(table cont’d)
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A
10
15
11
11
11

Phytoplankton
Pigment
DA
B
A
B
9.8
9.8 9.6
15
15 16
10
15.5 16
11
15 15
10.5
15 15

10.5
9
10.5
10
10
10
10
10
11
10
10.5
10
10.5
10

10
10
10
10.5
10.5
9.5
10.5
9
11
10.5
9.5
9.5
10
10

15
16
25
24.5
25
26
25
25
25.5
24.5
30
25.5
22
24

15
16
24
25.5
25
25
25
26
23
26
30
24.5
23
26

Zooplankton
Count Total
C:N
DA Count Total
(mL)
A
B
(mL)
145
25
24.5
50
288.5
20
142.5 51
50.5
89
290.5
48
151.5 50
51 28 60
289
49
151.5 50
50 30 60
290
50.5 152
50
51 22 60
284.5
50
50 30 60
290
50
150.5 49
51 32 60
291
49
151
49
49 31 60
288
34
152.5 51
49 30 60
290
33
153
49
49 36 60.5 295.5
33
153
50
49 30 60
291
33
153.5 50
50 31 60
291
32
154.5 50
49 32 60
292.5
32
152
50
50 33 60
295
32
152.5 50
51 30 60
292
33
154
50
50 33.5 60
294
33
153.5 50
50 35 60
293
31
151
51
49 32 60
293
32.5 150.5 50.5 50 32 62
294
31
152
50
49 31 60
291

Total (L)
Sample:
C:N
Date
Location
Replicate: A
B
14-Jul-18 Marcble Arches 32.4
15
14
19-Jul-18 Giants
27.3
15
15
20-Jul-18 Reggies
21
14.5 16
23-Jul-18 Giants
26.4
14
14
24-Jul-18 Manta
26.5
16
16
24-Jul-18 Robs
26.8
15
16
26-Jul-18 Manta
32.3
15
15
27-Jul-18 Chimney
32.7
14
15
30-Jul-18 Giants
32.9
15
16
31-Jul-18 Office
32.8
15
16
1-Aug-18 Manta
33.4
16
14
3-Aug-18 Marcble Arches 39.6
15
15
4-Aug-18 Sherwood
27.3
15
15
6-Aug-18 Giants
22
16
16
7-Aug-18 Office
33.3
15
16
9-Aug-18 Marcble Arches 33.8
15
15
10-Aug-18 Giants
32.3
15.5 15
(table cont’d.)
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Phytoplankton
Pigment
DA
A
B
A
B
9
11
24.5 25
10
10.5
25 25
10.5 9.5
25 25
9.5
10.5
25 25
10
10
25 21.5
10
10
25 24
10
10.5
26 26
10
10
25 26
10.5 9
25 24
9
9
25 27
10
10
25 26
10
10
25 29
10
10
26.5 25.5
9.5
9
25 27
10
10
26 27
10
9
20 18
9
10
26.5 30

Zooplankton
Count Total
C:N
DA Count Total
(mL)
A
B
(mL)
33
151.5 50
50 33 61
295
33
154.5 51
50 33 60
292
33
153.5 50
50 33 61
292
33
153
50
50 33 60
292.5
32
152
49.5 52 29 61
292
33
152
49
49 33 61
292
32
153
50
51 30 61
290.5
33
154
50
51 31 61
294
32.5 152
50
50 34 60
293
32
153
50
50 33 61
294
33
154
50
51 30 61
291
32
155
51
50 32 60
293
32
155
50
50 33 60
293
33
155
49
50 35 60
295
33
155
49
50 37 60
295
33
154.5 49
50 32.5 60
293
32
158
49
49 33 59
293

Table A.3. Pigment: chlorophyll a starting and output ratios in the CHEMTAX analysis of HPLC pigments. Starting ratios derived
from Barlow et al. (2017) and Higgens et al. (2011). Chl a-chlorophyll a; Chl b-chlorophyll b; Chl c1-chlorophyll c1; Chl c2chlorophyll c2; Chl c3-chlorophyll c3; Per-perodinin; But-butanoyloxyfucoxanthin; Fuc-fucoxanthin; Neo-neoxanthin; Violviolaxanthin; Pras-prasinoxanthin; Hex-19’-hexanoyloxyfucoxanthin; Allo-alloxanthin; Zea-zeaxanthin; Anth-antheraxanthin; Lutlutein
Group
Starting Ratios
Diatoms-1
(ex: chaetoceros)
Diatoms-2
(Pseudo-nitzschia)
Dinoflagellates-1
Dinoflagellates-2
Cryptophytes
Pelagophytes
Prasinophytes
Chlorophytes
Cyanobacteria
(Trichodesmium)
Final Ratio
Diatoms-1
(ex: chaetoceros)
Diatoms-2
(Pseudo-nitzschia)
Dinoflagellates-1
Dinoflagellates-2
Cryptophytes
Pelagophytes
Prasinophytes
Chlorophytes
Cyanobacteria
(Trichodesmium)

Chl a

Chl b

Chl c
1+2

Chl c 3

Per

But

Fuc

Neo

Viol

Pras

Hex

Allo

Zea

Anth

Lut

1

0

0.022

0

0

0

0.201

0

0

0

0

0

0

0

0

1

0

0.125
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0
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0
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0
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0
0
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0
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0
0
0
0.029
0.103

1

0

0

0

0

0

0

0

0

0

0
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0
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0
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0
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0
0.023
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0
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0
0
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0
0
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0
0
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0
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0

0
0
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0
0
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0
0
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0
0
0

1
1
1
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0
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0
0
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0
0
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0
0
0
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0
0
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0
0
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0
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0

0
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0

0
0
0
0

0
0
0
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0
0
0
0

0
0.009
0.014
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0
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0

0
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0
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Table A.4. Phytoplankton verification counts (shown as a percent of total community) and listed
with pigment proportions derived from CHEMTAX.
Date

Type

21-May-18

Counts
Pigments
Counts
Pigments
Counts
Pigments
Counts
Pigments
Counts
Pigments
Counts
Pigments

11-Jun-18
11-Jul-18
20-Jul-18
6-Aug-18
9-Aug-18

Diatoms
83.10
52.43
49.22
89.02
37.92
7.06
50.75
49.87
28.73
0.00
61.11
31.94

PN
14.36
39.41
3.91
0.00
7.03
0.00
19.56
7.71
62.31
77.70
25.88
58.57

Dino.

Trich.

Other

0.05
2.15
20.20
0.05
50.12
92.94
27.38
42.42
4.75
22.30
3.21
8.37

2.03
5.79
26.67
10.86
10.95
0.00
2.29
0.00
3.74
0.00
9.80
0.00

0.00
0.23
0.00
0.07
0.97
0.00
0.00
0.00
0.04
0.00
0.00
1.12

Table A.5. Identified phytoplankton genera and corresponding group. **indicates dominant
species *indicates identification within multiple samples
Identified Genera and Phytoplankton Group
Cyanobacteria
Diatom
*Trichodesmium
Stephanopyxis
Diatom
Diatom
Actinoptychus
*Thalassionema
Diatom
Diatom
*Bacillaria
*Thalassiosira
Diatom
Diatom
**Bacteriastrum
Triceratium
Diatom
Dinoflagellate
*Cerataulina
*Akashiwo
Diatom
Dinoflagellate
**Chaetoceros
*Alexandrium
Diatom
Dinoflagellate
*Coscinodiscus
*Ceratium
Diatom
Dinoflagellate
*Cylindrotheca
Dissodinium
Diatom
Dinoflagellate
Detonula
Dinophysis
Diatom
Dinoflagellate
Eucampia
*Gymnodinium
Diatom
Dinoflagellate
*Guinardia
Heterosigma
Diatom
Dinoflagellate
*Leptocylidrus
*Noctiluca
Diatom
Dinoflagellate
Nanoneis
*Ornithocercus
Diatom
Dinoflagellate
Navicula
*Prorocentrum
Diatom
Dinoflagellate
*Odontella
*Protoperidinium
Diatom
Dinoflagellate
Paralia
Pyrocystis
Diatom
Dinoflagellate
Plagiogrammopsis
Pyrophacas
Diatom
Dinoflagellate
Pleurosigma
Scrippsiella
Green algae
**Pseudo nitzschia Diatom
*Chlamydomonas
Diatom
Heterokont algae
Pseudosolenia
*Dictyocha
Diatom
Prymnesiophyte
**Rhizosolenia
*Phaeocystis
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Additional Satellite Imagery
At the beginning of the sampling period, satellite imagery shows warm (>25ºC) surface water
temperatures surrounding Inhambane Peninsula (Figure A.1). Temperature gradients reveal a
coastal front along the coast north of Inhambane Province, narrowing along Inhambane
Peninsula, then reforming south of the study area. The chlorophyll a (chla) image identifies this
frontal zone as an area of increased productivity.
Surface temperature reveals small mesoscale features with decreased surface temperature
along the coast (Figure A.2). These small features correlate to pockets of elevated chla within the
centers of cool water masses, which is likely where upwelling is occurring. The clockwise
rotation of the masses suggest these could be cold-core (cyclonic) eddies along the coast due to
wind-driven Ekman transport.
By mid-June, SST has decreased along the coast (<25 °C), yet coastal front seen as a thermal
gradient remains strong barrier for productivity (Figure A.3). Wind-driven longshore currents
along the coast of Inhambane Province caused decreased sheer along the coastal front and
induced upwelling along the shallow shelf which appeared to induce increased productivity on
the leeward side of the headland peninsula (Figure A.4). Coastal upwelling by wind stress can be
distinguished from terrestrial nutrient input in the thermal image, which would likely be warmer
than the surrounding water. However, SST indicates cold water is being upwelled as an eddy
forms south of Inhambane Peninsula, as well as a possible counter-current causing northward
progression of increased productivity along the coast (Figure A.5). The thermal front along the
narrow shelf creates a boundary layer for productivity (Figure A.6), which becomes suppressed
when the front hugs the shoreline.
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Figure A.1. SST and Chla images from 25 May 2018 at 13:15 LST reveal
a coastal front within a thermal gradient with coastal production along the
shelf of Inhambane Province. Estimate of chlorophyll a inferred from
MODIS-Aqua image produced using SeaDAS with NASA standard
algorithms.

Figure A.2. SST and Chla images from 1 June 2018 at 13:15 LST reveal
the occurrence of mesoscale features along the shelf of Inhambane
Province, corresponding to increased productivity. Estimate of
chlorophyll a inferred from MODIS-Aqua image produced using
SeaDAS with NASA standard algorithms.
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Figure A.3. SST and Chla images from 17 June 2018 at 13:20 LST show
coastal production along the shelf of Inhambane Province. Estimate of
chlorophyll a inferred from MODIS-Aqua image produced using
SeaDAS with NASA standard algorithms.

Figure A.4. SST and Chla images from 19 June 2018 at 13:05 LST show
coastal production along the shelf of Inhambane Province and windderived coastal upwelling south of the peninsula. Estimate of chlorophyll a
inferred from MODIS-Aqua image produced using SeaDAS with NASA
standard algorithms.
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Figure A.5. SST and Chla images from 20 June 2018 at 13:15 LST show
coastal production along the shelf of Inhambane Province and windderived coastal upwelling south of the peninsula. Estimate of chlorophyll a
inferred from MODIS-Aqua image produced using SeaDAS with NASA
standard algorithms.

Figure A.6. SST and Chla images from 24 June 2018 at 13:25 LST show
coastal production along the shelf of Inhambane Province. Estimate of
chlorophyll a inferred from MODIS-Aqua image produced using SeaDAS
with NASA standard algorithms.
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Figure A.7. SST and Chla images from 1 July 2018 at 13:30 LST reveal
the suppression of productivity along Inhambane Province when the
thermal front hugs the shoreline. Estimate of chlorophyll a inferred from
MODIS-Aqua image produced using SeaDAS with NASA standard
algorithms.
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